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Abstract 
An urgent task for aquatic toxicity testing is to develop rapid, sensitive, and cost-effective bioassays. 
However, little progress has been made in this direction because the lack of appropriate and user-
friendly laboratory automation which strongly limits the throughput of aquatic toxicity testing 
research. Herein, this thesis presents research towards the goal of developing an automated system 
for aquatic toxicity biotest by building microfluidic lab-on-a-chip (LOC) devices for performing 
on-chip behavioural toxicity testing. 
The proof-of-concept systems integrated innovative LOC devices with miniaturised video 
recording instruments for the automated analysis of test specimens’ behaviours. The research 
involves the design of a series of unique caging chip devices as flow-through systems for water 
quality bioassays using two types of small model organisms (Artemia and Daphnia). The research 
focuses on the changes in swimming patterns exhibited by test organisms as a rapid endpoint for 
aquatic toxicity tests. In contrast with conventional mortality-based toxicity biotests, I performed a 
fully automated, time-resolved video data analysis to dynamically evaluate toxic effects on selected 
behavioural parameters. For most of the reference chemicals tested, rapid and reliable behavioural 
changes were observed even at the beginning of exposure. The research demonstrates that 
innovative LOC technologies and advanced video analysis systems can be new alternatives for 
cost-effective and user-friendly aquatic toxicity testing protocols. 
This research also presents evidence that lipophilic substrates are greatly depleted in LOC systems 
because of the large hydrophobic surfaces. The electrostatic interaction between hydrophobic 
surfaces and toxicants leads to the noncovalent adsorption and rapid reduction of chemicals from 
the tested media, which can cause significant biases. In applying the sensitive fish embryo toxicity 
test on the LOC system, I postulate that caution is required when performing toxicity biotestings 
for organic substrates using LOC systems. 
Finally, because of the high controllability of LOC technologies, the last part of the research 
describes the proof-of-concept development of miniaturised LOC devices for studying the toxin 
avoidance of small aquatic crustaceans. The study exploits the generation of perfusion-based, 
fluidically isolated domains via laminar flow with a low Reynolds number. The avoidance patterns 
of free-swimming small crustacean larvae were analysed rapidly, unambiguously, and easily. This 
study enables a new method for testing aquatic ecotoxicity and lays a foundation for the next 
generation of environmental biomonitoring systems.  
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1. INTRODUCTION 
1.1. Water quality testing and bioassays 
1.1.1. The importance of water quality testing 
Water quality testing, or aquatic toxicity testing, is a way of using standard methods to predict and 
evaluate the relationship between the concentrations of chemicals and their effects on organisms 
and ultimately on the aquatic ecosystem[1, 2]. Water quality testing answers questions regarding what 
the adverse changes are that hazardous chemicals exert on individual organisms, populations, 
communities, and ultimately entire ecosystems. By measuring the toxicity of a substance on living 
materials, water quality testing has been applied for purposes ranging from the risk assessment of 
chemicals to the biomonitoring of environmental pollutants[3]. 
1.1.2. Conventional biotests for water quality testing 
Toxicity can be evaluated by using different endpoints. The most commonly preferred endpoint is 
the death of test organisms, which is usually expressed as mortality. Mortality tests were taken 
directly from mammalian toxicology as a dose-response approach (in the context of water quality 
testing, it should be considered a concentration-response approach). Briefly, certain numbers of 
living organisms are exposed to certain concentrations of a test chemical for predefined periods, 
such as 24, 48, 72, and 96 hours. The number of dead organisms at each concentration is then 
counted to calculate the mortality. Then, the paired data (mortality at each concentration) are plotted 
to produce a concentration-response curve (Figure 1.1.1).  
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Figure 1.1.1 Illustration of a typical concentration-response curve.  
With the concentration-response curve, one can predict the effects of a chemical on the exposed 
organism. The most commonly used estimation is the median lethal concentration (LC50), which 
indicates that at this concentration, a chemical can cause the death of 50 % of the test organisms. 
In addition to the LC50, the highest concentration that causes no death of the test organisms is also 
a common value of interest in water quality testing. 
As described above, aquatic toxicity testing is performed with predefined periods. Due to the length 
of exposure time, aquatic toxicity testing can be roughly divided into acute and chronic lethality 
testing. For instance, a fish toxicity test requires only up to 96 hours of exposure, which is clearly 
an acute test[4]. However, for chronic tests, it is generally considered that the exposure should be at 
least as long as 10 % of the test species’ lifespan[5]. 
It should be noted that in water quality testing, the chemical concentration is the dose of the 
dissolved toxicant. Normally, the actual amount of chemical reaching the test organism is unclear 
unless a particular measurement is taken. Moreover, the most complicated issue in performing 
water quality testing is to maintain the concentrations of the test compounds in solution throughout 
the exposure. The concentration of a test solution can vary due to several reasons: (i) absorption 
and metabolism by test organisms; (ii) adsorption by test containers; (iii) degradation and 
transformation during exposure; and (iv) carrier solution evaporation[6]. When the variation in 
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chemical concentration is relatively small, e.g., in acute testing, static testing can be performed, in 
which no test solution is changed during the exposure. All test vessels only need to be properly 
sealed with Parafilm to prevent volatilisation. However, in chronic testing or when dealing with 
unstable chemicals, a semi-static method should be conducted, in which part of the test solution is 
renewed periodically or a continuous flow-through process is used to maintain the test chemical 
concentrations. 
Test solution renewal has always been a difficult task. In most cases, it is a manual operation that 
must be carefully performed to avoid affecting the organism or causing cross contamination; it is a 
time-consuming and labour-intensive approach. The flow-through method works well with fishes 
as there are commercially available instruments to build the experimental system. However, when 
dealing with small model organisms, such as zebrafish embryos, customisation is always necessary. 
Lammer and co-workers reported a flow-through modification of a conventional static fish embryo 
toxicity test[7]. In their study, the back space of the 24-well plate was filled completely with resin, 
and holes with a diameter of approximately 5 - 6 mm were drilled longitudinally across all the wells 
in each row so that solution could flow through all the wells[7]. To prevent test organisms from 
being flushed to the next well or out of the plate, sterile gauze was placed along the walls of the 
wells, and self-adhesive foils were used to seal the plate and prevent volatile compound 
evaporation[7]. With these modifications, a device was successfully made with the ability of flow-
through testing, where most of the toxic solution was in the reservoir away from the animal chamber, 
and the solution could be easily renewed without having any influence on the organism. These 
modifications were not straightforward; while they made performing bioassays easier, much time 
and expenses were spent on preparation for testing, which still limits research throughput. 
Moreover, a flow-through system requires large volumes of toxicant solution, which is inherently 
unfriendly to the environment. 
1.1.3. Alternative methods for aquatic toxicity testing 
Even though performing water quality testing using mortality as the endpoint makes the testing 
easy, convenient, and straightforward, there are quite a few limitations in using the mortality 
endpoint. First, mortality tests, especially those performed using vertebrates, have ethical issues 
and are against legal regulations. An increasing amount of concern is rising regarding the severe 
distress and pain suffered by test organisms during toxicity tests[8]. Second, the mortality endpoint 
provides little information about the toxicity of a chemical substance at sublethal concentrations, 
which also result in ecological damage[9-11]. Some evidence suggests that sublethal effects rather 
than lethal effects play more important roles in the decrease of an organism’s population. Biesinger 
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et al. showed that heavy metals could cause significant reproductive impairment in Daphnia 
magna[12]. In a field study, Kidd et al. indicated that ethinylestradiol could damage fish populations 
at the concentrations less than 10 ng/L[13]. Last but not least, aquatic toxicity testing requires 
extremely high levels of chemicals for lethality to occur in test organisms. Such concentrations are 
rare in the real world unless accidental or deliberate spills occur. Thus, mortality-based toxicity 
testing has decreasing relevance to the current environmental problems. Therefore, the simple and 
straightforward lethality rate is being replaced by sublethal endpoints[3, 14].  
Sublethal effects are toxic responses occurring at concentrations or doses that cannot cause any 
death within the exposure periods. At the organism level, these effects influence development, 
reproduction, growth, and behaviour[2, 15, 16]. 
When exposed to some chemicals, organisms at early life stages (e.g., embryo, foetus, larvae, and 
juvenile) can exhibit developmental abnormalities. These abnormalities can eventually cause death, 
anatomical malformations, functional deficiencies, or slowed growth[15]. Moreover, it is believed 
that organisms at early life stages are more sensitive to chemicals than are adults because toxic 
effects on development can involve a wider range of organs and tissues[17]. Therefore, 
developmental abnormalities are also used as endpoints in aquatic toxicity tests with test species 
including invertebrates, amphibians, and fishes[18-20]. Among them, the frog embryo teratogenesis 
assay-Xenopus is a commercially available standard assay for measuring environmental 
contaminants based on developmental effects[17]. The assay exposes eggs of the African clawed 
frog Xenopus laevis to different concentrations of the test chemical for a particular time. Then, the 
mortality and the percentage of teratogenic embryos are recorded to calculate the teratogenic index; 
a chemical with little developmental hazard should have a teratogenic index less than 1.5[17]. Most 
common developmental abnormalities of the frog include stunted growth and underdevelopment of 
the gills and tail. In addition to frogs, developmental endpoints in fishes, mainly the zebrafish, 
Danio rerio, are also widely used in laboratory experiments. Fishes can have developmental 
abnormalities, such as spinal scoliosis and lordosis, tail deformation, pericardial oedema, and lack 
of pigmentation[20, 21]. Developmental endpoints are sensitive and robust. Within several days of 
exposure, apparent developmental failure can be observed. However, developmental impairment 
identification is a time-consuming and labour-intensive process requiring well-trained staff. Many 
developmental endpoints are irreversible adverse effects; thus, ethical considerations still exist for 
vertebrate embryos[8]. 
Reproductive impairment has been regarded as the most useful sublethal endpoint for many years[22]. 
Several field studies showed that there was a connection between water pollution and reproductive 
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impairment. In the 1970s, it was noticed that tributyl tin (TBT) compounds used as molluscicides 
in marine antifouling paints induced significant declines in the environmental mollusc 
population[23]. This was caused by TBT-exposed female molluscs suffering from masculinisation[23]. 
Freshwater fish, Catostomus commersonii, in lakes polluted by heavy metals were found to have a 
high incidence of reproductive failure, even though this was not directly caused by the heavy 
metals[24, 25]. The purple sea urchin Strongylocentrotus purpuratus exhibited decreased gamete 
production when exposed in situ to oil effluent[26]. Many laboratory experiments also confirmed 
that various chemicals can cause reproductive issues in many aquatic species, ranging from turtles 
to fishes and crustaceans[27-30]. OECD also published several standards for reproductive toxicity 
tests[31-33]. All the above findings clearly and strongly support the feasibility of using reproduction 
as an endpoint. However, one should also note that in most cases, reproductive tests are chronic 
methods require weeks of exposure in complicated facilities to acquire results.  
Growth represents the ultimate consequences of food intake and energy metabolism, both of which 
can easily be affected negatively by hazardous chemicals[34]. Growth rate (change in organism size) 
alterations in individuals is an easily measured sublethal effect that can be acquired simultaneously 
with other endpoints[12, 25, 35]. Toxicity effects on growth can also influence fecundity. Growth 
endpoints compare differences in the sizes of the exposed organisms and the controls; normally, 
the exposed organisms show a decrease in size[34]. However, there is also evidence showing that 
growth endpoints can be expressed as a biphasic dose-effect model, in which low concentrations 
of contaminants can have hormetic effects on test organisms[36, 37]. There are hundreds of papers 
regarding the use of growth endpoints to test chemicals on fishes, molluscs, and crustaceans. ISO 
and OECD published several standards using the growth variations of whole organisms as 
endpoints to evaluate water quality. As with reproductive endpoints, water quality tests using 
growth as an endpoint are commonly chronic tests. In research reported by Flaherty and Dodson, a 
growth inhibition test required 30 days[30]. Similar tests on fishes also require weeks to perform. 
Moreover, it should be noted that different generations of one organism could have different 
sensitivities to the growth endpoint. Based on a report by Guo et al., 100 µg/L of polychlorinated 
biphenyl 126 had no effects on the first generation of the copepod Tigriopus japonicas, while 0.1 
µg/L of this chemical inhibited the growth of the second generation of the copepod[38]. 
In conclusion, developmental, reproductive, and growth endpoints show higher sensitivity than the 
mortality endpoint. However, except for developmental endpoints, all of them are only suitable for 
chronic testing, which does not provide critical information regarding acute toxicity. Meanwhile, 
aquatic toxicity testing based on these endpoints have high requirements in terms of execution and 
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maintenance. Considering these drawbacks, behavioural endpoints as alternatives have shown 
significant advantages, which are described in the next section. 
1.2. Behavioural endpoints in water quality testing 
1.2.1. General principles of behavioural aquatic toxicity biotests 
Behaviour comprises the actions made by an organism in response to its environment. In 
ecotoxicology, Behavioural changes represent an organism’s response to stressors, especially to 
environmental contaminants. In previous research, behavioural endpoints were divided into three 
classes based on the time needed to observe a clear behavioural response[10, 39]. The first class 
includes rapid or acute responses the organism would have as a means of immediate protection. 
These reactions include avoidance, escape, thigmotaxis or chemotaxis. The second class comprises 
responses that are less direct but last longer than those of the first class, including burrowing and 
feeding. The last class comprises behaviours that require even longer times for an organism to 
perform[10, 39]; a typical example is locomotion behaviour. However, it should be noted that 
behavioural endpoints may change for different species. For example, fish do not have burrowing 
behaviour at all. In practice, attention has been focused more on specific parameters, such as the 
distance swam per unit time, the number of turns per unit time, the speed of burying, and the amount 
of time spent hidden/exposed[2]. 
Behavioural changes can be observed at concentrations much lower than lethal concentrations. It 
was reported that behavioural endpoints have 10- to 1000-fold higher sensitivity than traditional 
mortality endpoints (e.g., LC50)[40, 41]. Contaminants normally cause reduced behavioural activities 
on test organisms[20, 42]. However, there is also evidence showing that chemicals at environmentally 
relevant concentrations can have hyperactivity effects on organisms’ behaviours[43]. In the 
environment, both hyperactivity and hypoactivity can lead to troubles in foraging and predator 
avoidance, thereby increasing mortality. 
Behavioural endpoints have been applied to many species in laboratory research, covering almost 
all trophic levels in the aquatic ecosystem, which include fishes, molluscs, crustaceans, and 
protozoans. However, there are virtually no field studies using behaviours as endpoints, except a 
few in situ monitoring programmes. Behavioural endpoints were believed to be difficult to score 
objectively with their many significant variabilities, which increases the difficulty of quantitative 
analyses[44]. With the progress that has been made in image acquisition and analytical algorithms, 
behavioural endpoints have become more attractive alternatives for aquatic toxicity testing. 
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1.2.2. Methods of analysing behavioural effects 
Unlike lethality or other sublethal effects, which can easily be counted or measured objectively by 
the naked eye, behavioural effects can only be recorded with the help of modern technologies such 
that statistically significant results can be reached. Thus, recording behavioural abnormalities is of 
the utmost importance for investigating behavioural effects. There are two ways to record 
behaviours in aquatic toxicity testing: optical and non-optical. 
Optical methods utilise cameras or microscopes (visible, infrared, or fluorescent) to capture time-
lapse images or videos of organisms’ movements. Algorithms are then applied to the captured 
images or videos to perform post analyses. Due to technological limitations, this process is time-
consuming and requires much computational power. Kokkali et al. reported a method for 
monitoring the effect of heavy metals on Artemia larvae mobility via digital image processing[45]. 
They used a monocular camera to capture videos of four nauplii swimming in macrocuvettes full 
of different heavy metal solutions and analysed the average speed of the nauplii using a motion 
tracking algorithm (Figure 1.2.1). They claimed that with this method, the EC50 values were only 
54.8 mg/L (Cd2+) and 80.5 mg/L (Zn2+), while the LC50 values were 710.7 mg/L and 1,000 mg/L. 
Despite the high sensitivity of behavioural effects, a major drawback of optical methods is that the 
camera is set up vertically on one side of the container, meaning that all organisms moving towards 
or away from the camera could not be accurately captured and analysed since they appear to be 
staying at the same position in the images or videos. To address the issue, Noss et al. reported a 
unique system with two perpendicular cameras to produce three-dimensional video observations of 
swimming trajectories[46]. However, the reported method requires an expensive setup and is more 
time-consuming as it doubles the images or videos that need to be analysed.  
Non-optical methods utilise electrical or magnetic fields to sense the movement of test organisms. 
These methods are based on the theory that the natural movements of test organisms generate 
regular signals, while abnormal behaviours cause unusual signals. One limitation of non-optical 
methods is that they cannot provide any detailed information, e.g., what type of abnormal 
behaviours the test organisms are exhibiting. Thus, non-optical methods are commonly used in 
simple movement detection and analysis, for example, the opening and closing of mussels’ valves[47, 
48]. 
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Figure 1.2.1 Photographic illustration of the test chamber used for an Artemia larvae mobility study (left) 
and examples of path tracking.(Reprinted from reference [45]; no permission required.) 
1.2.3. Automation of behavioural bioassays 
The properties of behavioural endpoints determine that they cannot be performed manually; thus, 
the automation of toxicity testing is necessary. The proper utilisation of behavioural endpoints 
requires support from other technologies, such as computational, electronic, and mechanical 
technologies. Faimali et al. discussed a Swimming Speed Alteration (SSA) test in their 
publication[49]. They built a Swimming Behaviour Recorder (SBR) system by combining a toxicity 
chamber, video capture unit, and analysis software. Test organisms under chemical stress exhibit 
altered swimming behaviour and can thus be used as an indicator of ecotoxicity. In this study, larvae 
of Crustacea cirripedia Balanus Amphitrite was used as the test organism, and the authors tested a 
variety of chemical pollutants, including antifouling biocides, heavy metals, neurotoxic pesticides, 
and environmental samples. They found that swimming speed was altered (inhibited or irritated) at 
low concentrations of toxic compounds, and they demonstrated that the SSA test could detect 
significant swimming alterations at toxic concentrations of only 5 % of the corresponding LC50 
values[49]. Later, Garaventa applied the SSA test to two other organisms, Artemia sp. and 
Brachionus plicatilis, and confirmed that the SBR system could successfully track and analyse the 
behaviour of marine larvae[50]. The SSA test along with the SBR system showed how sensitive the 
behavioural endpoints could be and how the use of a camera and analysis software reduced the 
labour and time required for the data acquisition process. However, the system could only record 
video for a short period at the predefined time point, and the test plates were manually transferred 
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and placed under the camera, the latter of which undoubtedly brings extra stress to the test organism. 
With these drawbacks, the SBR system could only serve as a low-throughput apparatus in 
ecotoxicological research.  
Lopes and co-workers built a custom device to study the avoidance behaviour of Daphnia 
longispina from copper[51]. The device was 1.1 m long with five compartments, each with several 
inlets for culture solution and copper solution (100 μg/L), which created a copper gradient inside 
the device[51]. They found that Daphnia showed significant avoidance when exposed to a gradient 
ranging from 3 to 87 μg/L, which gave them strong confidence of using avoidance bioassays as a 
complementary tool in ecological risk assessments[51]. However, the most serious drawback of their 
study is that the data acquisition was based on manual counting, which limits its application. 
Additionally, the size of the device was troublesome, as too much solution was required for each 
experiment. In addition, the avoidance behaviour began after a long period of exposure (up to nearly 
600 minutes), and the Daphnia in the high-concentration compartments could be killed while 
moving to the low-concentration compartments. A similar copper stress study was published by 
Untersteiner et al. at almost the same time; they implemented a computer-based image analysis 
system[52]. Instead of avoidance, they used swimming activity and velocity to evaluate the effect of 
different concentrations of copper solution. Their results showed that the swimming velocity was 
significantly reduced after 9 hours of exposure to 30 ppb of copper, while the same result was 
observed after only 14 hours of exposure to 10 ppb of copper. Another method for monitoring the 
response of Daphnia to chemicals is using non-optical infrared (IR) beams, which was reported by 
Bahrndorff et al.[53]. The IR beams generated by the emitter bisected the middle of the phials and 
were received by an IR sensor. Daphnia in the phials crossing the beams were counted and recorded 
by a host PC for analysis. The results showed that the crossing number dropped with increasing 
exposure time to potassium dichromate and 2,4-dichlorophenol. Additionally, higher 
concentrations of chemicals had lower crossing numbers. 
More recently, Chevalier and co-workers reported systematic research about behavioural responses 
of daphnids exposed to twelve different toxicants using a multiexposure cell testing system called 
‘Multi-DaphTrack’ (Figure 1.2.2)[54, 55]. Compared with all previous studies, this one reported the 
highest behavioural toxicity testing throughput, which was why they could achieve an appropriate 
statistical analysis encompassing twelve toxicants at several concentrations with replicates. To 
achieve such relatively high throughput, a high-resolution camera and advanced analysis software 
were applied so that 20 toxicity chambers with a total of 200 daphnids could be captured and 
analysed at the same time[54, 55]. To hold this experimental platform, a black box 100 × 60 × 60 cm 
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in size with an external cooling system was established. The large size of the setup and high price 
of the analysis software render this approach not cost-effective. 
 
Figure 1.2.2 Systematic illustration of the Multi-DaphTrack system for the behavioural analysis of D. magna 
neonates. The system has 20 exposure cells placed in a closed chamber with accessories for temperature 
control and video recording. (Reprinted from reference [54]; no permission required.) 
Cunha et al. reported a preliminary non-optical automated behavioural detection tool that monitors 
changes in electrical fields caused by organism movements (Figure 1.2.3)[56]. The detection system 
has non-invasive electrodes that generate and receive electrical signals that have passed through 
the test aquaria. The external software analyses the received signals to acquire behavioural 
information of test organisms in real time[56].  
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Figure 1.2.3 The operation diagram of the automated behavioural detection tool. Although it is called the 
Marine On-line Biomonitor System, the authors claimed that it can still be used with freshwater species[56]. 
(Reprinted from reference [56] with the permission of Springer.) 
1.2.4. Application of behavioural endpoints in water biomonitoring systems 
Water biomonitoring systems are instruments used for detecting aquatic toxicity on a real-time 
basis by continuously tracking the physiological responses of whole organisms[57, 58]. Behavioural 
endpoints have been used for continuous water quality monitoring in many wastewater or drinking 
water treatment facilities for many years with whole organisms, such as Daphnia, fishes, or 
mussels[57, 58]. Currently, there are even several commercially available biomonitors built for this 
purpose with the main features of full automation and real-time warnings. Although they were 
developed for different species, these biomonitors share the same design, which is based on a living 
organism, a detection unit that identifies changes in the living organism, and an analytical unit that 
translates these changes into warning signals. 
In Europe, a popular automated and integrated device is available on the commercialised market 
and has nearly real-time detection functionality. It is the Daphnia Toximeter (bbe Moldaenke, 
Germany). The machine has daphnids cultured in an aquatic chamber under continuous exposure 
to sample water. The computer-assisted digital image acquisition and analysis modules can capture, 
detect, and warn of abnormal behaviours. Lechelt et al. used this machine to monitor surface water, 
in which the speed, height, and number of Daphnia, as well as other parameters, were evaluated to 
account for the appearance of toxic substances[59]. Watson et al. used this machine to study the 
behavioural responses of Daphnia to the taste and odour of compounds[60]. They observed that the 
test compounds elicited a marked short-term increase in Daphnia swimming velocity. However, 
along with an acclimation period or with repeated additions, they claimed that the effect was too 
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short and that the reproducibility was poor[60]. Moreover, the functional and maintenance 
requirements were extensive and inconvenient. Apart from the large volumes of agents and 
significant number of organisms needed, well-trained operators were also necessary. The machine 
is expensive; thus, the cost-effectiveness of this approach should be considered. 
Monitoring systems using the position of valves of mussels have also been reported by many 
researchers, even with commercial products (e.g., the MUSSELMONITOR, AquaDect, the 
Netherlands). Mussels have abnormal behaviours, such as keeping valves closed, more frequent 
valve opening and closing, and shorter opening periods, when exposed to contaminants[47]. 
Therefore, it is practical to attach small sensors onto the mussel shells and acquire its movements. 
These sensors can generate either voltage or magnet fields, and the actions of the valves can cause 
changes in electrical signals[47, 61]. Zwart et al. reported the use of the MUSSELMONITOR in field 
studies for the monitoring of drinking water intake, river water quality, and industrial effluents[62]. 
Borcherding also discussed the practical experience of deploying this technique in Germany[63]. 
Fishes were the sentinel organisms initially selected for water biomonitoring systems, and they 
have always been popular choices[57]. The preferred behaviours of fishes used in biomonitoring 
systems can be as sophisticated as avoidance or as simple as gill movement. Baldwin et al. verified 
the performance of a commercial fish monitoring system under both laboratory and field 
conditions[64, 65]. The system monitored the ventilation frequency of Rainbow trout with high 
sensitivity and acceptable false responses[64, 65]. Similarly, Van der Schalie reported a fish 
ventilation monitoring system deployed in a groundwater treatment facility near a hazardous waste 
and ordinance disposal site in the USA[57]. The system worked successfully there with high 
reliability and sensitivity[37]. 
All the biomonitoring systems mentioned above are designed for a single species. Gerhardt et al. 
reported a real-time biomonitoring system using a quadrupole impedance conversion technique, 
which is suitable for a variety of species[66, 67]. Briefly, an external electrical field was applied to a 
flow-through chamber with test organisms inside. The movement of the organisms caused 
impedance changes in the electrical field. Thus, different behaviours could be expressed as 
differences in impedance, which were analysed and exported as histograms by the system[66, 67]. The 
system was used on a few aquatic organisms, such as D. magna, Gammarus pulex, Sialis lutaria, 
and Hydropsyche siltalai[66]. Currently, this system is also commercially available as the 
Multispecies Freshwater Biomonitor. However, compared with other commercial biomonitors that 
have standalone functionality, it is more like a detection unit that can only be used in complete 
laboratories or in situ facilities. 
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1.2.5. Behavioural aquatic toxicity testing limitations 
As mentioned by Van der Schalie et al., “Future on-line aquatic monitoring systems will 
undoubtedly continue a trend towards miniaturisation, utilisation of advanced data acquisition and 
communication techniques, and reductions in purchase and maintenance costs”[57]. The main 
limitation in current behavioural toxicity testing is the lack of user-friendly and automated 
instrumentation. Manual operation can no longer fulfil the intensive work requirements of 
behavioural bioassays. Moreover, the presence of human movements can affect the behaviours of 
test organisms. However, under laboratory conditions, the automation of behavioural testing has 
mainly been focused on detection and data analysis due to the rapid developments in computer 
science. To perform behavioural tests, time-consuming work still needs to be done manually. 
Automated commercial biomonitors are expensive and difficult to maintain and cannot be used as 
research tools. Therefore, new technologies should be implemented in behavioural aquatic toxicity 
testing. 
1.3. LOC technologies for aquatic toxicity biotesting 
1.3.1. Fundamentals of LOC technologies 
Previous parts of this thesis discussed the limitations of current aquatic toxicity bioassays, such as 
the lack of user-friendly and automated instrumentation, reagent waste, and low cost-effectiveness. 
Most of these limitations can be addressed by biomicrofluidic lab-on-a-chip (LOC) technologies[68, 
69]. LOC devices represent the integration of one or more laboratory functions within a small chip 
(several square millimetres to square centimetres) using fluids to connect each part. They have 
several advantageous features, such as automation, laminar flow, high throughput, and less reagent 
waste[69-71]. As part of a rapidly developing field, LOC devices have been used in many research 
areas for different functions and applications, such as tissue culture[72], drug discovery[73], and gene 
manipulation[74]. Moreover, LOC technology has also been applied to research involving small 
model organisms, such as fish embryos and larvae, earthworms, and fruit fly embryos[68-70, 75]. As 
an emerging tool, LOC devices bring the possibilities of miniaturising and automating traditional 
aquatic toxicity tests, especially in vivo tests[68, 76]. 
Fluid serves as the core of any LOC device. For most LOC devices, the fluids inside not only carry 
chemicals but are also where reactions occur. The flow of fluid inside a microfluidic device is 
determined by fluid dynamics. Due to the small scale of LOC devices (commonly < 1 mm), the 
flows within LOC devices are mostly laminar. Laminar flow occurs when all fluids flow in parallel 
18 
 
layers with no cross-flow perpendicular to the flow direction. Thus, there are no disruptions, eddies 
or turbulence between the layers[71] (Figure 1.3.1). 
 
Figure 1.3.1 Schematic illustration indicating the difference between laminar flow and turbulent flow.  
Flow behaviour can be estimated using the Reynolds number (Re), which is a dimensionless 
parametric measure defined by the following equation: 
𝑅𝑒 =  
𝜌𝑣𝐿
𝜇
 
where: 
ρ is the density of the fluid (kg/m3), ν is the velocity of the fluid (m/s), L is the characteristic linear 
dimension (commonly the length of the fluid channel) (m), and μ represents the dynamic viscosity 
of the fluid (kg/(m·s)). In general, when Re is smaller than 2,300, flow should be laminar[77]. In 
microfluidics, as the devices and channels are small, most of them have an Re value less than 100[78].  
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Because of the laminar flow in an LOC device, diffusion rather than convection is the dominant 
source of mixing. Diffusion is the mass transfer of molecules from a high-concentration area to a 
low-concentration area by random motion (Figure 1.3.2). In this regard, even two miscible fluids 
flowing next to each other under laminar conditions can form a dynamic but stable interface through 
which diffusion occurs[79]. Moreover, diffusion is slow, and the time needed for the complete 
diffusion of a chemical is determined by the mass transfer distance and its diffusion coefficient; at 
the micro scale, complete diffusion could require up to several minutes[80]. Considering these 
features, it is possible to create fluidically isolated areas using microfluidic technology. 
 
Figure 1.3.2 Schematic illustration of mass transfer due to diffusion under laminar flow conditions. 
1.3.2. Methods of fabricating chip-based devices 
To realise the advantages LOC technology, the first task is to produce a suitable LOC device. There 
are a few requirements for manufacturing LOC device. The first and the most basic requirement is 
that the fabrication methods should have high definition. Since LOC devices are meant to be small 
with microscale channels, manufacturing methods should at least be able to construct structures at 
the microscale. Moreover, since LOC devices are more a laboratory technology than a commercial 
one, the fabrication of LOC devices should be simple and cost-effective. 
Early LOC devices were constructed on silicon wafers or glass substrates using such methods as 
chemical etching or photolithography inherited from the semiconductor industry[81]. The most 
significant advantage of these methods is their high feature definition. In particular, 
photolithography can easily fabricate structures at the nanometre scale, which is more than 
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sufficient for most LOC applications. However, these methods require dedicated facilities and 
equipment, such as a clean room, and hazardous reagents, e.g., hydrogen fluoride. In addition, the 
fabrication process is complicated and time-consuming[82]. 
Computer numerical control mechanical machining methods, such as milling, drilling, and cutting, 
are alternative fabrication methods for LOC devices. They represent methods that use cutting tools 
to remove bulk materials and form microscale features[83]. These methods are most suitable for hard 
materials, such as thermoplastics and metals, and can rapidly fabricate products (e.g., within an 
hour)[83]. The downside is the cost of purchasing the equipment, especially when feature dimensions 
less than 10 µm are required. Moreover, the optical transparency of the substrate after machining 
can be troublesome and require additional polishing.  
Since bulk materials can be removed mechanically using cutting tools, it is reasonable to ablate 
them using a laser beam. Laser machining is the process by which materials absorb laser photons 
and increase in temperature until they evaporate. Laser micromachining was first reported in the 
fabrication of a microstructured mould in 1995[84]. Klank et al. reported the use of a laser directly 
to create microfluidic channels in poly(methyl methacrylate) (PMMA)[85]. The laser-fabricated 
microstructure was primarily based on the photon absorption properties of the material, the ablation 
time, and the size, power, and wavelength of the laser beam (Figure 1.3.3)[86, 87]. In practice, by 
adjusting the ablation time and the power of the beam, microstructures with different depths and 
widths can be created. Laser micromachining is a rapid prototyping method by which 
microstructures can be fabricated within minutes. It is also suitable for mass production[88]. The 
biggest issue it has is the redeposition of evaporated materials next to the laser beam, which causes 
rough surfaces in LOC devices[89]. Moreover, just like mechanical machining, the associated costs 
of purchasing equipment cannot be ignored. 
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Figure 1.3.3 Schematic illustration showing material redeposition after laser ablation. A laser beam is 
scanned across the substrate to create designated microstructures by heating and evaporating the substrate 
material. However, the evaporated material can be redeposited on the surfaces near the heat-affected zone, 
causing increased surface roughness. (Reproduced from reference [89] with permission from The Royal 
Society of Chemistry.) 
In 1996, on the basis of photolithography, Qin et al. reported a soft lithography protocol using 
polydimethylsiloxane (PDMS); this protocol soon became the most popular method for making 
LOC devices[90]. Soft lithography is a fabrication method that replicates relief structures on a 
mould[82]. It is a two-step process that combines photolithography and replica moulding. In general, 
as shown in Figure 1.3.4, the photoresist is deposited (normally by spin-coating) on a flat substrate 
(usually a silicon wafer) and cured by UV light through a mask with microstructural designs. The 
uncured photoresist is then dissolved by a solvent, leaving behind a relief structure on the substrate 
that forms the master mould. Liquid PDMS is then poured into this master mould and heated to 
form the elastomeric PDMS block with embossed microstructures. Then, the PDMS block is 
bonded to another surface to form the final LOC device. Soft lithography still requires expensive 
clean room equipment, specialised instruments, and intensive labour to form the master mould. 
However, each master mould can be used repeatedly to produce multiple PDMS devices rapidly. 
Moreover, the material cost for each PDMS device is very low.  
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Figure 1.3.4 Schematic illustration of fabricating a micropatterned PDMS block. The process includes two 
main steps: mask fabrication by photolithography (a, b, and c) and PDMS replica moulding (d, e, and f). 
(Reproduced from reference [91] with permission from the Nature Publishing Group.) 
In addition to these described methods, hot embossing and injection moulding are also popular for 
making LOC devices. Similar to soft lithography, they are also two-step methods in which a relief 
mould is needed in advance. A hot embossing machine sandwiches a plastic plate and a master 
mould together and heats them to a temperature above the glass transition temperature of the plastic. 
As the plastic becomes soft and rubbery, it is pressed into the master mould by the machine and 
forms the designed microstructures[92, 93]. However, for injection moulding, molten thermoplastic 
polymer is compressed into a mould cavity and cooled to form solidified plastic with 
microstructures[94]. These two methods are particularly suitable for the mass production of LOC 
23 
 
devices[93, 94]. However, the master moulds used in both approaches are expensive and difficult to 
make, indicating that they are more suitable for LOC devices with sophisticated designs. 
Replica moulding undoubtedly plays an important role in making LOC devices and improves both 
the cost-efficiency and prototyping speed. Therefore, some research has focused on using methods 
other than photolithography to build master moulds to make the fabrication more affordable and 
convenient; such methods include etching silicon, electroforming metal, and the conventional 
machining of other hard materials[95]. Compared with photolithography, these methods do not 
exhibit significant advantages regarding equipment cost, prototyping time, or required labour. 
Based on the development of three-dimensional (3D) printing, there have been quite a few reports 
of using 3D-printed structures as master moulds for replica moulding (Figure 1.3.5)[96-98]. 3D 
printing is the process of producing solid 3D objects through additive patterning based on computer 
modelling[99, 100]. 3D printing requires less specific knowledge and equipment than conventional 
methods and simplifies the processes of designing and fabricating a master mould.  
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Figure 1.3.5 Schematic illustration of the fabrication process of non-planar microchannels via replica 
moulding using a 3D-printed mould. (a) A 3D-printed mould, which is usually unavailable by conventional 
methods. (b) PDMS replica moulding using the printed mould. (c) After the PDMS is cured, the 3D-printed 
mould can simply be rotated to remove it from the PDMS block. (d) The completed non-planar PDMS 
microfluidic channel. (Reproduced from reference [98] with permission from ©2015 Elsevier.) 
Of course, since 3D printing can be used to fabricate moulds, it can also be used to print LOC 
devices directly[100-102]. Compared with conventional methods, 3D printing allows the easy 
fabrication of complicated 3D structures in a single step. However, it should be noted that 3D 
printing has limited feature definition; for example, a desktop-level 3D printer can have a typical 
feature size of 100 µm. Moreover, 3D printing is a layer-by-layer process that causes unsatisfactory 
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surface roughness[103]. In addition, 3D-printed LOC devices have been reported to leak toxic 
chemicals into the carried solution, which sharply limits their usability in biomicrofluidics[104]. 
1.3.3. Materials of choice and surface modifications for LOC devices 
Choosing a material for an LOC device is mainly based on the function and application of the 
device[105]. In detail, such features as flexibility, air permeability, solvent compatibility, optical 
transparency, and biocompatibility require careful consideration when choosing materials[105]. 
Considering that the purpose of this Ph.D. study is to build an LOC device for behavioural 
ecotoxicity studies, optical transparency and biocompatibility should be primary concerns. 
Moreover, the fabrication process should also be carefully considered as rapid prototyping can 
significant help accelerate research throughput. Herein, I focus on two polymers, PDMS and 
PMMA, which are commonly used as LOC device materials. 
To date, polymeric materials are the most popular choices for building LOC devices[105-107]. 
Generally, they can be divided into two groups, elastomers, and thermoplastics. Of the elastomers, 
PDMS was one of the first polymers to be introduced as a microfluidic substrate, and it is still the 
most popular material used in microfluidic device fabrication[108]. PDMS is a gas-permeable 
material, which makes it extremely suitable for biological applications requiring the transport of 
oxygen and carbon dioxide. PDMS is elastic, which allows it to easily integrate with other 
microfluidic components or fabricated pneumatic or hydronic valves or pumps[75, 105, 109]. Moreover, 
PDMS has excellent optical transparency[107]. As mentioned previously, the conventional method 
for fabricating PDMS LOC devices is replica moulding[107]. However, it should be noted that extra 
steps are necessary before pouring liquid PDMS onto a mould, e.g., mixing the polymeric base and 
curing agents and vacuum degassing. In addition to elastomers, a thermoplastic is a polymer 
material that becomes pliable or mouldable when heated above a particular temperature (i.e., its 
glass transition temperature) but solidifies and retains its shape when cooled. One common 
thermoplastic used in making LOC devices is PMMA. PMMA is a hard, gas-impermeable polymer 
with high optical clarity[110]. It is also a biocompatible material that is inert in neutral aqueous 
solutions. However, caution should be taken as PMMA can be dissolved by non-polar solvents[111]. 
As precast PMMA sheets with different sizes and thicknesses are commercially available, laser 
micromachining is increasingly popular for fabricating PMMA-based LOC devices[111, 112]. 
One disadvantage of using PDMS or PMMA to build LOC devices is the hydrophobicity of the 
materials. The strongly hydrophobic surfaces of both materials make it difficult to wet the devices 
with aqueous solutions. Moreover, the hydrophobic surfaces can easily lead to nonspecific 
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adsorption, resulting in faulty concentrations[113, 114]. Therefore, the surface modification of the 
fabricated devices is sometimes necessary. Conventional methods for the modification of PDMS 
or PMMA include plasma or UV treatment, deposition, and coating[113-115]. Considering the 
transparency and biocompatibility of the modified device, here, I focus on two methods: plasma 
treatment and hydrophilic polymeric chemical coating. Plasma treatment is the most common 
method used for the surface treatment of LOC devices. It is simple and straightforward to use, and 
treatment can be completed within minutes. However, the plasma-treated surface will eventually 
recover to the untreated state, which increases the difficulty of storing and reusing the LOC 
devices[116]. Another common method is having the device surface coated with a thin layer of a 
hydrophilic polymeric chemical. Frequently used chemicals include polyethylene glycol (PEG) or 
polyvinyl alcohol (PVA), as they are bio-safe[117, 118]. 
1.3.4. Integration of LOC system 
A microfluidic LOC device can never stand alone. It requires associated components to form a 
functional system. In addition to the chip device itself, two factors are essential for an LOC system. 
The first is the propulsion principle for manipulating fluids in an LOC device. The second is the 
detection method (Figure 1.3.6). 
 
Figure 1.3.6 Schematic illustration indicating the components of an LOC system. 
Fluidic manipulation depends on the power source used to drive the fluids, and standard methods 
include electroosmotic pumping, mechanical pumping, gravity, surface tension, acoustic actuation, 
and centrifuging[119, 120]. Electroosmotic pumping utilises the phenomenon by which uncharged 
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liquid can flow on a stably charged surface due to an external electric field[121]. It has the advantages 
of being pulsation-free and constant, which might be ideal for the low disturbance of living 
organisms in the chip. However, there have been reports that electrical fields influenced the 
behaviours of the earthworm Caenorhabditis elegans[122, 123]; therefore, caution must be applied if 
these methods are used for on-chip behavioural ecotoxicological studies. Mechanical pumping 
comprised the use of a syringe, peristaltic, or pneumatic pump to actuate fluid flow through an LOC 
device; the fundamental principle is to generate hydraulic pressure[119, 124]. Mechanical pumping is 
easy and convenient and has been demonstrated in both macro- and microenvironments[7, 59, 125], but 
its strong pulsation could potentially cause problems in behavioural studies. Gravity-induced flow 
is also pulsation-free and easy to generate. However, it has unstable hydrostatic pressure with an 
unstable flow rate as the volume of solution inside the reservoir changes[119]. Moreover, it is an 
open-loop actuation that requires large volumes of solution in order to be applied to toxicity testing. 
Surface tension is not a suitable method for dealing with the larger sizes and volumes in the field 
of microfluidics due to the capillary effect[124, 126], and centrifuging is not appropriate for flow-
through microfluidic devices[119]. 
As for detection, it is commonly accomplished using off-chip instruments[71]. Optical recording is 
no doubt the most widely used method[127]. Many types of research involving the integration of 
LOC technology and small model organisms have used optical or fluorescence microscopes or 
cameras for detection and recording[128-130].  
1.3.5. LOC technologies in environmental biomonitoring 
As promising tools, LOC devices have been applied in many biotests involving organisms including 
earthworms, fruit flies, and zebrafish embryos[131, 132]. Most LOC platforms are enclosed devices 
with an open or closed loop of fluid circulation. Basically, an LOC platform is an independent 
system isolated from the macro world. With the small channels and chambers, evaporative reagent 
loss can ignored[133, 134], which makes this a perfect method for maintaining a test environment.  
Funfak et al. developed a proof-of-concept zebrafish embryo and larvae screening chip device, and 
their chip was as simple as a tube coil on a PMMA plate[135]. By using perfluoromethyldecalin as 
the carrier and separation fluid, segments containing fish embryos were generated and analysed by 
an optical microscope integrated with a camera (Figure 1.3.7)[135]. Although a software-
programmed pump precisely controlled the fluid, it was still necessary to manually switch the tube 
between different test media to gain various segments[135]. The device lacked automated integration, 
and the captured images still needed to be analysed by the researchers. Furthermore, the solution 
in the segments did not have any renewal sources, which made it no difference from static 
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experiments in multiwell plates or Petri dishes. Despite all these drawbacks, this simple device 
showed that organisms can be manipulated on the microscale without causing significant damage 
or development inhibition[135]. 
 
Figure 1.3.7 Segmentation of encapsulated embryos generated in the tube coil. The aqueous embryo media 
with an embryo inside is immiscible with the oil carrier liquid and forms a stable microenvironment. Air 
slugs are used to separate each embryo segment, preventing the merging of two nearby segments. (Adapted 
from reference [135].) 
Later, an impressive LOC array used for a zebrafish embryo development study was reported by 
Wielhouwer and co-workers. The device comprised three layers of borosilicate glass and array 
wells no larger than 2.0 mm in diameter laid in a series[136]. This device used a buffer flow-through 
system to avoid the static culture issue, and another hot water flow-through system was used to 
maintain a suitable temperature for embryo growth[136]. In the embryo chamber, inlet flow came 
from the middle of the chamber and flowed out of the chamber through outlets located in the top 
of the opposite wall, creating flow around the embryo (Figure 1.3.8)[136]. Their study showed that 
neither chamber shape nor size had a significant influence on the embryos[136]. Notably, they 
investigated the relationship between the flow rate and the embryo hatching rate. A high flow rate 
(6 µL per well per minute) could suppress the embryo hatching rate, while a rate not lower than 2 
- 4 µL per well per minute was essential for delivering oxygen[136]. However, even in the group 
with the highest flow rate, the average survival rate on the fifth day only reached 88.3 % (a single 
run reached 100 %), and a distinctly high occurrence of mild yolk sac oedema was observed in the 
embryos hatched in the chip[136]. This study showed that it is feasible to use microfluidic LOC 
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technology for culturing fish embryos, which has great potential in fish embryo-based 
ecotoxicological testing. 
 
Figure 1.3.8 Fluidic flow in the biochip. Embryo in a 2.0-mm-diameter well with buffer inlets (bi) and outlets 
(bo) located at different levels around the well. Such a design creates flows refreshing the medium inside the 
well. The temperature channel (tc) is used to maintain a suitable culturing temperature. (Reproduced from 
reference [136] with permission from The Royal Society of Chemistry.) 
In all previously described studies, there were mainly manual operations, which are time-
consuming and error prone and restrict the throughput of the research. However, Akagi and 
Khoshmanesh, along with their co-workers, reported a chip-based zebrafish embryo array using 
hydrodynamic force to automatically load, trap and immobilise large numbers of individual 
embryos (Figure 1.3.9)[137, 138]. The chip was made via PDMS replica moulding, and for each trap 
used for immobilisation, a suction channel was connected to the main channel[137, 138]. As the 
embryos flowed in the main channel, each embryo would be sucked up to the trap; therefore, the 
loading, trapping and long-term immobilisation of each embryo was a one-step operation with great 
potential for rapid, high-throughput and automated zebrafish embryo testing[137, 138]. Similarly, they 
also developed another 3D autotrapping chip using not only hydrodynamic force but also 
gravitational force[139, 140]. Beyond these works, Akagi and co-workers discussed an electronic 
interface for their chip[141]. The components integrated by the 3D autotrapping chip included 
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embedded piezoelectric micro diaphragm pumps, a heating element, a robotic actuator driven stage, 
servo motor-actuated pinch valves, and a miniaturised fluorescence microscope[141]. This proof-of-
concept system is a step closer to the full analytical automation of a real LOC rather than chips in 
a lab. Similarly, Zhu et al. developed an off-chip interface for actuation of the device[142]. Wang 
and co-workers integrated such chips with a series of accessories to bring the manually operated 
device up to the level of embedded LOC automation[133, 143, 144]. 
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Figure 1.3.9 Microfluidic embryo array chip for the automatic trapping and immobilisation of zebrafish 
embryos. (A) 2D CAD drawing showing the design of the whole chip. (B) Detailed design of the 
hydrodynamic trap. (C) and (D) Microphotographs showing the fabricated chip array. (E) Schematic 
illustration of the whole system setup. (Reprinted from reference [137]; no permission required.) 
Later, based on fish embryo toxicity (FET) tests, Zhu et al. developed a microfluidic LOC system 
for the automation and continuous microperfusion of FET tests[125]. The LOC system integrates a 
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hydrodynamic embryo-trapping chip, a high-resolution USB microscope, backlight illumination 
and miniaturised 3D-printed pumping manifolds[125]. The system enables not only the fast loading 
and immobilisation of a vast number of embryos but also continuous toxicant perfusion. Moreover, 
the system is capable of the high-resolution and time-resolved in situ analysis of developing fish 
embryos, rendering data acquisition much easier than that of traditional FET tests[125]. 
Unfortunately, at approximately 48 hours post fertilisation (hpf), hatched larvae could easily escape 
from the embryo trap, making the system ideal for only 48-hour tests (FET test protocol suggests 
96-hour testing). 
Fish embryos have limited movement; therefore, in most cases, a small well with flow-through 
channels slightly smaller than the embryo is sufficient. However, for more lively organisms, such 
as C. elegans, the design of a high-throughput LOC device with easy observation and recording 
capabilities for biotesting is more complicated. In this regard, the basic idea is to confine the 
organism in a small area. One way to achieve this requirement is to build an LOC chamber into 
which the organism can quickly be loaded but from which it will have difficulty escaping. Chung 
et al. reported an excellent PDMS microfluidic chamber array (18.13 mm × 13.54 mm) that was 
used for whole-organism behaviour-based chemical screening (Figure 1.3.10)[145]. The array chip 
contained 48 circular chambers connected to a serpentine main channel[145]. The inlet of each 
chamber was connected to the serpentine channel by a deformable channel, which can only contain 
a single worm. The outlet of each chamber was also attached to the serpentine channel but by a 
series of small diverging channels that allowed the fluid to flow through but prevented the worm 
from escaping[145]. Normally the deformable channel was so narrow that it stopped the worm from 
moving into the circular chamber. During the loading procedure, a large plug was rapidly inserted 
into the inlet of the serpentine channel, causing an approximately 100 μL push that expanded the 
deformable channel and allowed the worm to pass into the circular chamber[145]. Hence, the channel 
functioned as a pressure-sensitive gate to regulate loading individual worms into each chamber[145]. 
Similarly, the delivery of chemicals was easy and fast; when a droplet of a chemical solution was 
pipetted on the chemical inlet connected to the serpentine channel, the chip could achieve a steady-
state concentration within 13 seconds[145]. The device did not need any external parts to operate, the 
chemical volumes needed for testing were reduced to one droplet, and C. elegans were separated 
into separate chambers where they could not affect each other. This design has the disadvantage 
that it can only provide a static test environment, but it should not be difficult to apply flow-through 
functionality. Moreover, as mentioned above, the design concept was that test organisms can only 
enter and never exit the system. Thus, as unloading the worms is extremely difficult, the device 
cannot be reused. 
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Figure 1.3.10 Microphotograph of the worm chamber array device filled with blue dye. (a) The array device 
contains 48 circular chambers connected through the serpentine channel for high-throughput biotesting. (b) 
Magnified image showing the details of a single chamber and the serpentine channel; b indicates the loading 
channel; c indicates the narrow point of the loading channel; d indicates the circular biotesting chamber; e 
indicates the diverging channels; and f shows the fluid outlet. Arrows indicate the flow direction. 
(Reproduced from reference [145] with permission from The Royal Society of Chemistry.) 
Instead of using device design to confine the organism, there was another idea of using a droplet to 
encapsulate the organism. Shi et al. utilised droplets, but with a microfluidic chip, which can 
accomplish multiple functions ranging from C. elegans encapsulation and droplet generation to 
transportation and immobilisation in a single device[146]. The chip-based device consisted of two 
functional areas with connected channels: one was a T-junction droplet generator, and the other 
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was an array of droplet traps[146]. At the T-junction droplet generator, droplets were generated by 
shearing a dispersed aqueous phase with a constant oil phase[146]. The design for trapping was 
simple. A round trap with a big inlet and a small outlet was connected by a U-shaped channel that 
was smaller than the droplet. While the constricted droplet flowed into the U-shaped channel, it 
changed the flow resistance in the channel, forcing the following droplet to become immobilised 
in the trap (Figure 1.3.11)[146]. Thus, the device was capable of continuously and automatically 
generating and immobilising droplets containing worms. However, to encapsulate individual 
worms into droplets, the flow rates of the two phases, as well as the density of the worms in the 
aqueous phase, need to be adjusted properly. Moreover, mass exchange between the oil carrier 
solution and aqueous droplets can be nearly impossible. Thus, this device can only serve as a short-
term tool for biotesting. 
 
Figure 1.3.11 Schematic illustration showing the design of the droplet microfluidic device. Generated at the 
T-junction, droplets containing individual worms are immobilised in the trap array. (Reproduced from 
reference [146] with permission from The Royal Society of Chemistry.) 
1.4. Thesis aim and objectives 
This study is conducted as a step towards developing LOC systems for aquatic ecotoxicity biotests 
using small aquatic model organisms, mainly addressing challenges in traditional ecotoxicological 
tests. The thesis objectives are as follows: (i) evaluation of the feasibility of using LOC devices as 
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containers for aquatic toxicity testing; (ii) development of a whole LOC system suitable for 
behavioural biotests; (iii) evaluation of the influence of common materials used in LOC systems 
on toxicity tests; and (iv) development of an on-chip behaviour-based toxicity assessment method. 
In detail, Chapter 2 describes general methods for LOC device fabrication, animal culturing, 
toxicity testing, and data acquisition and analysis. Chapters 3 and 4 describe two kinds of LOC 
devices: one each for toxicity testing on marine and freshwater crustaceans. Chapter 5 reports an 
organic adsorption problem of the LOC systems and the detailed study of this issue. Chapter 6 is 
about the development of an LOC device with discrete domains with which to study avoidance 
behaviour. Chapter 7 concludes the thesis with a summary and prospective research directions. 
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2. MATERIALS AND METHODS 
This chapter presents the materials and chemicals used in all experiments. It also describes all 
experimental methods used in this thesis, including chip device design and prototyping, animal 
culture and toxicity testing, and data acquisition and analysis. 
2.1. LOC devices design and fabrication 
All LOC devices used in this research had multi-layer designs. A LOC device was designed layer-
by-layer using the CorelDraw X3 (Corel Corporation, Ottawa, Ontario, Canada) CAD package. 
Each layer of a chip-based device was then fabricated independently from PMMA thermoplastic 
sheets. The fabrication used a non-contact, 30-W, infrared laser micromachining system (VLS 3.50, 
Universal Laser Systems, Scottsdale, AZ, USA) with a 100-μm elliptical beam spot size. If higher 
resolution is needed, the system can also generate a 40-μm elliptical beam spot size by equipping 
the high power density focusing optics gadget. 
After fabricated chip layers were cleaned with ethanol, they were manually and optically aligned 
and thermally bonded at 120 °C for 90 minutes in a fan-assisted oven (Heratherm, Thermo Fisher 
Scientific). To achieve a clear surface and even bonding, chip layers were sandwiched together 
using two glass slides and two metal plates, and they were then fixed tightly using a metal C-clamp 
during bonding (Figure 2.1.1). 
 
Figure 2.1.1 Photograph showing the layers of the sandwiched unit during bonding. 
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After bonding, the chip-based device was filled with a 2 % (w/v) polyvinyl alcohol solution 
(Average MW: 31,000-50,000; 87-89 % hydrolysed, Sigma-Aldrich, Australia) for 15 minutes and 
was then oven-dried at 75 °C for another 15 minutes to create a hydrophilic inner surface. This 
process can be repeated twice. 
2.2. Chemicals and culture solutions 
2.2.1. Biological culture media 
Standard freshwater for culturing Daphnia: the standard freshwater consisted of NaHCO3 (67.75 
mg/L), CaCl2·2H2O (294 mg/L), MgSO4·7H2O (123.25 mg/L), and KCl (5.75 mg/L). In preparation, 
each chemical was prepared as a 100 × concentrated stock solution in deionised water and stored 
at 4 ± 2 °C. The working solution was diluted stock solution that was allowed 20 minutes of aeration 
before use. 
E3 culture medium for zebrafish embryos: the E3 medium consisted of NaCl (292.5 mg/L), KCl 
(12.67 mg/L), CaCl2 (36.62 mg/L), and MgSO4 (39.72 mg/L) dissolved in deionised water. In 
preparation, a 100 × concentrated E3 solution was prepared as a stock solution. The working 
solution was a dilution of the stock solution with 0.002 % (v/v) methylene blue added as a fungicide. 
Before use, the working solution was aerated overnight. 
Seawater for culturing Artemia: filtered sea water with a pH of 8.0 ± 0.5 was supplied by a local 
company (Seafood Aquarium Services, Braeside, Victoria, Australia). 
2.2.2. Chemicals for toxicity testing 
Potassium dichromate (K2Cr2O7), cadmium nitrate tetrahydrate (Cd(NO3)2.4H2O), copper chloride 
dihydrate (CuCl2.2H2O), caffeine, ethanol, and dimethyl sulfoxide (DMSO) were purchased from 
Sigma-Aldrich (Sigma-Aldrich, Australia). The toxicant solutions were prepared by dissolving or 
diluting the chemicals in the corresponding culture media in volumetric flasks, followed by serial 
dilutions. 
3,4-Dichloroaniline (3,4-DCA) and ibuprofen were purchased from Sigma-Aldrich (Sigma-Aldrich, 
Australia). The stock solutions were prepared first by dissolving the chemicals in DMSO at a 
concentration of 20 mg/mL. Working solutions were then prepared by serial dilutions in E3 culture 
medium. A blind control (pure E3 medium) and a vehicle control (solvent only) were always 
included in any test involving these two chemicals. 
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2.3. Biotest specimens 
2.3.1. Artemia franciscana 
Cysts of the marine crustacean Artemia franciscana (Artoxkit-M, MicroBioTests, Inc., Belgium) 
were stored in darkness at 4 ± 2 °C. At 30 hours before the toxicity testing started, cysts were 
hatched at 25.0 ± 0.5 °C in a Petri dish filled with filtered sea water (pH 8.0 ± 0.5). A table lamp 
was used to provide continuous illumination during hatching (3000-4000 lux on top of the Petri 
dish). At 22 hours post hatching (hph), hatched nauplii were carefully collected and transferred to 
a new Petri dish filled with seawater to ensure the nauplii used in subsequent tests were at the same 
life stage (instar II-III larvae).  
For toxicity tests on a standard 24-well plate, ten Artemia nauplii were carefully transferred into 
each well, which had already been filled with 1 mL of test solution. A Parafilm strip was put on top 
of the multiwell plate with the cover tightly in place. The plate was then incubated in darkness at 
25 ± 0.5 °C for 24 hours. At the end of the test, the numbers of dead nauplii were manually counted 
using a USB microscope (AM7013MT Dino-Lite Premier; AnMo Electronics Corporation, Taiwan) 
based on the following criterion: nauplii that did not move at all for 15 seconds were considered 
dead. For all test concentrations including control and vehicle control (if solvent other than sea 
water was added), at least three wells were used per concentration. At least three independent tests 
were performed for each chemical tested. 
For toxicity testing on the LOC devices, ten Artemia nauplii were carefully transferred to each test 
chamber. The LOC device was then connected to a test solution reservoir through a peristaltic pump. 
The LOC device was placed on a custom light box with a cold LED light source, which projected 
light from the bottom up through an integrated diffuser to provide a continuous illumination of 500 
lux. The whole system was placed in a temperature-controlled room at 25 ± 0.5 °C for 24 hours. A 
USB camera was programmed to take 30-second-long videos of the LOC device every hour from 
the beginning of the test. The videos were then used for the behavioural analysis of Artemia nauplii. 
Dead nauplii were counted manually based on the same criterion used previously. For all test 
concentrations including control and vehicle control (if solvent other than sea water was added), at 
least three chips were used per concentration. At least two independent tests were performed for 
each chemical tested. 
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2.3.2. Daphnia manga 
Ephippia of the freshwater crustacean D. magna (Daphtoxkit-F, MicroBioTests, Inc., Belgium) 
were stored in a refrigerator at 4 ± 2 °C in darkness. At 80 hours before the start of toxicity testing, 
the ephippia were hatched at 21.0 ± 0.5 °C in a Petri dish filled with standard freshwater (pre-
aerated for 20 minutes). The Petri dish was placed on a custom light box with continuous 
illumination (6,000-7,000 lux). At 78 hph, the neonates were fed with a suspension of algae powder 
to preclude mortality by starvation. 
For toxicity testing on multiwell plates, a specific type of 24-well plate (Daphtoxkit-F, 
MicroBioTests, Inc., Belgium) was used. Five neonates were carefully transferred to each well that 
had been filled with 10 mL of test solution. A Parafilm strip was put across top of the multiwell 
plate with the cover tightly in place. The plate was then incubated in darkness at 20 ± 0.5 ° for 48 
hours. At the 24- and 48-hour time points, the numbers of immobilised neonates were manually 
counted under a stereomicroscope (Nikon SMX18 stereomicroscope, Nikon Corp., Tokyo, Japan) 
based on the criterion that neonates unable to swim within a period of 15 seconds were considered 
immobilised. For all test concentrations including control and vehicle control (if solvent other than 
sea water was added), at least four wells were used per concentration. At least three independent 
tests were performed for each chemical tested. 
For toxicity testing on LOC devices, five Daphnia neonates were carefully transferred to each test 
chamber. The LOC device was connected to a test solution reservoir through a peristaltic pump and 
then placed on the same custom light box. The whole system was placed in a temperature-controlled 
room at 20 ± 0.5 °C for 48 hours. A USB camera was set to take 30-second-long videos of the LOC 
device every hour from the end of the first hour of the test. The videos were then used for a 
behavioural analysis of Daphnia neonates. Dead neonates were counted manually based on the 
same criterion used previously. For all test concentrations including control and vehicle control (if 
solvent other than sea water was added), one chip (with three chambers) were used per 
concentration. At least three independent tests were performed for each chemical tested. 
2.3.3. Zebrafish embryos 
Zebrafish embryo animal experiments were performed with approval from the Monash University 
Animal Ethics Committee.  
Adult wild-type zebrafish were kept in a fish facility with a 14-hour light and 10-hour dark cycle 
at a room temperature of 27.5 ± 0.5 °C. Fishes were fed twice a day, once with the live crustacean 
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Artemia sp. and once with dry food. Fish culturing conditions were monitored daily, including pH, 
ammonia, nitrate, nitrite, carbon hardness, and general hardness. 
For breeding, adult fish were randomly paired at a 1:1 male-to-female ratio and left overnight in a 
small aquarium. Female fish would breed eggs on the next day when the light was turned on. An 
hour after spawning, all embryos were collected, rinsed in E3 embryo culture medium, and 
incubated in darkness at 28.0 ± 0.5 °C. At 5 hpf, the embryos were carefully selected such that none 
were unhealthy or unfertilised and to be used in experiments. 
For conventional fish embryo toxicity (FET) testing, a modification of the standard test protocol 
(OECD 236) was used[147]. Briefly, 20 healthy embryos at 6 hpf were transferred into a 24-well 
plate with one embryo per well. Each well was filled with 2 mL of test solution. The positive, 
negative, and vehicle controls were always included to ensure the robustness of the test. The 24-
well plates were then incubated in darkness at 28.0 ± 0.5 °C for 96 hours. Four lethal endpoints, 
i.e., coagulation of the embryo, non-detachment of the tail, the lack of somite formation and the 
lack of a heartbeat, were recorded every 24 hours up to 96 hours[147]. Acute toxicity was determined 
based on a positive score in any of the endpoints recorded. Data were then used to calculate median 
lethal concentrations (LC50).  
For LOC-based perfusion FET (μFET) testing, a mesofluidic LOC device developed by Dr Feng 
Zhu from the BioMEMS research group was used[125]. Briefly, 21 embryos at 6 hpf were loaded 
onto each LOC device. Each loaded device was then connected to a custom peristaltic pump and a 
fluid reservoir with 40 mL of test solution using polyurethane (PU) tubing (Cole-Parmer, Vernon 
Hills, Illinois, USA). Then, each device was perfused in a closed-loop regimen at a flow rate of 400 
μL/min in darkness for 48 hours at 28.0 ± 0.5 °C. Embryo mortality was assessed based on the 
same criterion used previously at the 24- and 48-hour time points. 
For dynamic FET testing, 20 embryos at 6 hpf were transferred in a Petri dish with 40 mL of test 
solution. A custom peristaltic pump with tubing was applied to provide solution circulation. The 
whole set up was kept in darkness at 28.0 ± 0.5 °C for 96 hours. Embryo mortality was assessed 
based on the same criterion used previously every 24 hours up to 96 hours. Dead embryos were 
removed at the 48- and 72-hour time points. 
For all zebrafish embryo tests, at least 80 embryos were used for each test concentration including 
control and solvent control in at least two independent runs. 
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2.4. Pump, tubing, and mechatronic parts for the LOC devices 
For all Artemia and Daphnia experiments, Miniplus Evolution peristaltic pumps (Gilson, Inc., 
Middleton, Wisconsin, USA) with MF medium flow pump heads equipped with polyvinyl chloride 
tubing (Gilson, Inc., Middleton, Wisconsin, USA) were used. For interconnections, PU tubing 
(Cole-Parmer) and polypropylene (PP) or nylon adapters (Cole-Parmer, Vernon Hills, Illinois, USA) 
were also used. In addition, Dynamixel AX-12A actuators (Robotis, Ltd., Irvine, California, USA) 
controlled by CM-530 microcontrollers (Robotis, Ltd.) were adopted to drive the LOC devices on 
a 1D moving stage. 
For perfusion-based FET testing, custom peristaltic pumps were used[148]. The pumps were actuated 
by Dynamixel MX-64T robotic actuators (Robotis, Ltd.). The actuators were controlled by CM-
530 microcontrollers (Robotis, Ltd.) and programmed using RoboPlus software (Robotis, Ltd.). 
Platinum-cured silicone tubing (Cole-Parmer) with an inner diameter of 1.6 mm and an outer 
diameter of 3.2 mm was chosen as the peristaltic pump tubing. Glass capillaries (Schott AG, 
Mitterteich, Germany), polytetrafluoroethylene (PTFE) tubing (Cole-Parmer), polyether ether 
ketone (PEEK) tubing (Sigma-Aldrich), platinum-cured silicone tubing (Cole-Parmer), PU tubing 
(Cole-Parmer), and stainless steel tubing (Prochem Pipeline Products Pty, Ltd., Dandenong South, 
Victoria, Australia) were also used as interconnection tubing materials. 
All 3D-printed parts that served as accessories for chip-based devices or were used in my research 
were designed using the SolidWorks 2013 CAD programme (Dassault Systems SolidWorks Corp., 
Concord, MA, USA). The designs were printed out of polylactic acid by a MakerBot Replicator 2 
(MakerBot Industries, Brooklyn, New York, USA) 3D printer via fused deposition modelling 
fabrication. 
2.5. Imaging 
A Nikon SMX18 stereomicroscope (Nikon Corp., Tokyo, Japan) equipped with a Retiga™ 
4000DC cooled CCD camera was used to acquire standard stereoscopic images.  
Two USB cameras were used for recording LOC device mass transfer and test specimen movement. 
One camera is a miniaturised USB 2.0 polarisation microscope (AM7013MT Dino-Lite Premier) 
with a 5.0-megapixel colour CMOS sensor, variable magnification up to 200×, and a numerical 
aperture of 0.135. The camera has a maximum video acquisition frame rate of 30 frames per second 
(fps). The other camera is a USB 3.0 camera (UI-3370CP-C-HQ; IDS Imaging Development 
Systems, GmbH, Germany) with a high-resolution manual lens (focal length of 12.5 mm, F1.4-16; 
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Goyo Optical, Inc., Japan) which can achieve a resolution of 2048 × 2048 with the maximum 
recording speed of 80 fps. Both cameras allowed fully programmable time-resolved image/video 
acquisition through their software user interface.  
The light sources for the two USB cameras were either a polarised backlight pad (BL-ZW1, AnMo 
Electronics Corporation, Taiwan) or a custom backlight box. 
2.6. Computational fluid dynamics (CFD) simulations 
3D models of microfluidic chips were designed using SolidWorks 2013 (Dassault Systems 
SolidWorks Corp., Concord, MA, USA). The models were used in COMSOL Multiphysics 4.4 
(COMSOL Inc., Burlington, MA, USA) for CFD simulations. In particular, the laminar flow and 
transport of diluted species modules in COMSOL were applied to study the velocity field, pressure 
and chemical mass transfer inside the chips based on stationary and time-dependent simulations. 
2.7. Data analysis 
To calculate mortality, dead organisms were manually counted, and concentration-response curves 
were modelled using Microsoft Excel 2013 (Microsoft Corporation, USA) and ToxRat Professional 
(ToxRat Solutions, GmbH, Alsdorf, Germany). 
Videos recording the movement of test specimens were analysed frame-by-frame using the video 
analysis software LoliTrack V.4 (Loligo® Systems, Denmark). As a post-analysis software, 
LoliTrack lacks a real-time analysis feature. In this regard, I established a nearly real-time video 
analysis protocol enabling the analysis of sublethal behavioural effects exhibited by test specimens. 
To analyse behavioural alterations, time-resolved video acquisition was applied with an interval of 
1 hour. The software obtained the coordinates of the test organisms using an x-y coordinate system. 
The coordinates were then used to calculate changes in various behavioural parameters (Figure 
2.7.1). 
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Figure 2.7.1 Schematic illustration of the video data acquisition and analysis processes. Video acquisition 
was time-resolved by applying a fixed interval of 1 hour. The acquired video was analysed frame-by-frame 
using LoliTrack software to obtain the coordinates of each test organism on an x-y coordinate system. The 
software then calculated changes in various behavioural parameters based on these coordinates. 
As a commercial software, LoliTrack was designed to track up to 24 individual specimens 
simultaneously. This was probably because the software was originally developed to trace 
individual fish’s movement in a 24-well plate. Its tracking principle builds on the principle of 
contrast difference, i.e., that the monitored target should be noticeably different in colour from the 
background. To achieve this, a user must carefully adjust the software settings for every video, 
which is a time-consuming process. In this regard, I added an extra procedure that could subtract 
the static background from a video, leaving tracked objects black on a white background (Figure 
2.7.2). In detail, each video file was first processed by Adobe Premiere Pro CC software (Adobe 
Systems, Inc., San Jose, California, USA) to acquire an image stack containing all frames from the 
video file in Tagged Image File Format. The image stack was then processed using ImageJ software 
(Wayne Rasband, Research Services Branch, National Institute of Mental Health, Bethesda, 
Maryland, USA) to remove the static background and saved as an Audio Video Interleaved (AVI) 
file. Subsequently, the AVI file was analysed by the LoliTrack software to gain behavioural 
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information about the organisms, such as swimming velocity, acceleration, active time, cumulative 
distance moved, and movement trajectories.  
 
Figure 2.7.2 Flowchart showing the process of behavioural analysis. 
For statistical significance, a standard ANOVA method, or a Student t-test was applied with 
significance set at p < 0.05. Pearson linear correlation tests were performed with significance set at 
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p < 0.01. Each concentration for each hour was compared with the independently run control tests. 
If not mentioned, all error bars represent the standard error. 
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3. ENABLING BEHAVIOURAL TOXICITY TESTING 
USING LOC TECONOLOGIES 
3.1. Introduction 
This chapter describes the development of an innovative miniaturised microfluidic LOC platform 
that allows rapid aquatic behavioural toxicity testing using swimming pattern changes of the nauplii 
of the marine crustacean A. franciscana, which is commonly used as a model organism in marine 
ecotoxicity testing. The primary target was to develop a miniaturised chip device to cage and record 
free-swimming Artemia under the microperfusion of toxicants. Therefore, the chip-based device 
was made of a biocompatible and optically transparent material and was integrated with a portable 
camera and laptop computer to perform time-resolved video data analysis. The microperfusion 
module expedited constant medium and toxicant exchange throughout the designated experimental 
process period. 
CFD simulations along with experimental validations were performed to verify the LOC device. A 
series of lethality endpoint tests using different reference chemicals was performed using both the 
LOC device and conventional static multiwell plates to examine the relative performance and 
reliability of the LOC system. Time-resolved video data analysis to dynamically assess the effects 
of these reference chemicals on selected behavioural parameters was implemented to investigate 
the applicability of the LOC device in behavioural ecotoxicity research. Moreover, mechatronic 
components were integrated with the LOC system to achieve fully automated video-recording 
functionality. Furthermore, I used the LOC system to test a few pharmaceutical chemicals at 
environmentally relevant concentrations. 
3.2. Chip design and operation 
The microfluidic LOC device consisted of three layers of PMMA pieces with a total thickness of 6 
mm. Due to the fabrication limitations, each layer was 75 mm × 25 mm in size, which is identical 
to the size of a standard microscope glass slide. The bottom layer had a thickness of 1.5 mm and 
had rectangular slots engraved on one side, which served as part of the engraved microchannels. 
Most of the functional chamber structures were laser-cut in the middle layer, which had the same 
thickness as the bottom layer. The top layer had media inlet and outlet ports for tubing connections; 
it also contained another port for specimen loading. All the three ports were circular and cut by a 
laser to have a diameter of 2.9 mm (Figure 3.2.1 (A)). 
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The Artemia nauplii used in conventional mortality tests are normally instar II-III larvae (30 hours 
post hatching) with a body length of approximately 0.75 mm. Therefore, the 3D multilayer chip 
had a circular chamber 10 mm in diameter and 1.5 mm in height specially designed to contain 
multiple larvae in the same chamber while allowing each organism to move and flip over freely. 
The chamber was circular because this shape does not have any corners or dead zones where no 
flow could reach. Inlet and outlet channels were connected to the round main chamber through ten 
laser-engraved microchannels. These engraved channels had a length of 1.0 mm and a height of 
approximately 0.2 mm, which was near the body width of the Artemia larvae. It was quite difficult 
for the larvae to swim through any of these microchannels on its own. In other words, these ten 
circularly arranged microchannels along with the main chamber served as cages to effectively 
contain free-swimming larvae inside the chamber (Figure 3.2.1 (B)(C)). To increase mass transfer 
inside the main chamber, microchannels were engraved in different layers so that fluid could flow 
across the vertical plane of the main chamber. For loading test specimens into the “cages”, a small 
auxiliary chamber was designed to directly connect to the main chamber (Figure 3.2.1 (B)(C)). In 
total, the fluidic domain of the chip device had a volume of 0.215 μL and a surface area of 525.97 
mm2. 
 
Figure 3.2.1 Microfluidic LOC device for Artemia sp. nauplii. (A) 3D models of all layers of the LOC device. 
(B) 3D CAD model of the microfluidic circuitry that enables the caging of Artemia nauplii and the perfusion 
of toxicants. (C) Microphotograph of the chip-based device fabricated from PMMA using infrared laser 
micromachining. (Published in reference [149]. Reproduced with permission from Elsevier.) 
For specimen loading, the chip was first primed with seawater. Then, certain numbers of specimens 
were carefully transferred into the loading port using a pipette. A gentle suction force was then 
applied at either the inlet or the outlet to suck the specimens into the main chamber. There was a 
chance that Artemia nauplii could swim back into the loading port during the microperfusion test. 
Therefore, a small air bubble was injected by a pipette into the channel connecting the main 
chamber and the loading port, and then the loading port was sealed. Thus, nauplii could only swim 
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inside the main chamber. Then, the chip device was ready for microperfusion, and normally a push 
force was created by the peristaltic pump to actuate the fluids inside the microfluidic system (Figure 
3.2.2). 
 
Figure 3.2.2 The Artemia chip-based device operation flowchart. 1. Artemia nauplii are loaded into a toxicity 
chamber full of clean sea water through a special loading channel. 2. A small air bubble is injected to seal 
the chamber containing the caged larvae. 3. A toxicant solution is pumped from the inlet and flows through 
the device to perform a toxicity test. (Published in reference [149]. Reproduced with permission from 
Elsevier.) 
3.3. Automation interface 
One of the most important functions of a microfluidic LOC system targeting behavioural aquatic 
toxicity testing should be the ability to record the behaviours of the test specimens accurately. To 
date, most works in behavioural ecotoxicology have focused on short exposure times, which are 
typically only a few minutes or one or two hours long at most; in these cases, taking videos is as 
simple as pressing the start button. However, for systems aiming at relatively long exposure times, 
e.g., at least 24 hours, several issues arise. First, due to limitations in digital storage and computing 
requirements, it is difficult and not cost-effective to capture videos as long as tens of hours to cover 
the whole exposure period. Second, due to the drawback that most analysis software programmes 
lack the capability for real-time analysis, behavioural analysis becomes a time-consuming post-
analysis process. Videos that are too long require more time for analysis. Therefore, a time-resolved 
video-recording technique providing sufficient sampling for a behavioural analysis was necessary. 
In addition, this technique had to be automatic because it is not feasible for one to operate video 
recording instruments hourly for tens of hours. 
Thus, in the chip system setup, the chip-based device was placed on the LED light pad. A custom-
designed, 3D-printed camera holder was mounted onto the light pad and held the camera. The 
camera was programmed to take 60-second-long videos every hour for up to 24 hours of the test 
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duration at a rate of 15 fps. The resulting videos were saved in the laptop connected to the camera. 
To increase throughput, a manifold of four setups was applied along with a four-channel peristaltic 
pump for fluid actuation (Figure 3.3.1). Of course, the sampling interval used, the digital storage 
conditions, and the computing capacity could be different based on the behaviour patterns of 
different test specimens. 
 
Figure 3.3.1 The composition of the perfusion-based chip system. (A) The whole system contains four 
individual chip units in a manifold along with other auxiliary components. (B) A magnified view of the system 
setup. 
The chip interface shown in Figure 3.3.1 achieved preliminary automation as no manpower was 
needed after the start of perfusion-based biotests. However, it was not sufficiently cost-effective. 
Each chip required an individual camera, which limited the applicability of the interface. In this 
regard, I prototyped another off-chip interface design using mechatronic components that allowed 
the use of one camera to capture data from multiple chips (Figure 3.3.2). Compared with the 
previous design, this new automatic interface had a 1D movable stage that held the microfluidic 
device. A Dynamixel AX18A robotic servo motor mounted with a custom gearing system could 
drive the chip device to have linear movement. The spatiotemporal precision of the 1D movement 
was controlled by the Dynamixel microcontroller with pre-programmed code that allowed fully 
automatic movement throughout the test. The pump and imaging components were kept the same, 
as fully programmable time-resolved data acquisition capabilities had been achieved in the design 
described above. In general, this interface could automatically drive and place each chamber 
directly under the camera at a designated time point. Instead of using multiple cameras, as in the 
previous design, this interface used only one camera with standard mechatronic parts and off-the-
shelf components, making it an inexpensive laboratory automation solution for use in behavioural 
toxicity studies. 
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Figure 3.3.2 Microfluidic LOC device and a 1D movable off-chip interface for behavioural studies on 
Artemia nauplii. (A) Photograph of the embedded automation interface. (B) Magnified view of the chip-based 
device and the 1D directional stage. The stage was controlled by a Dynamixel AX18A servo actuator to 
precisely move the chip-based device lineally. (Published in reference [149]. Reproduced with permission 
from Elsevier.) 
The 1D movable stage enabled the implementation of using one camera for observing multiple 
chips, which substantially increased throughput and reduced the instruments needed for running 
multiple chips simultaneously. However, the system was still not perfect. The linear movement of 
the chip device was a stimulus that could potentially influence the test specimens. As such, every 
time the chip device was moved, an acclimatisation period was necessary. This period, along with 
the time required for capturing videos, could cause the last chip unit to be observed noticeably later 
than the first one. Therefore, based on the same concept, I applied a camera with a larger field of 
view that enabled it to obtain videos of multiple chip devices simultaneously (Figure 3.3.3). In this 
latest interface, the camera was placed approximately 200 mm above the chips. The height of the 
camera could be adjusted depending on the field of view needed and the size of the test specimen. 
The chip devices were fit into a 3D-printed rack and laid on a customised cold light LED pad. The 
black cover not only separated the chip devices from the outside environment but also served as a 
holder for the camera. 
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Figure 3.3.3 Microfluidic LOC device interface based on a camera with a large field of view. (A) Photograph 
of the whole system setup. (B) Magnified view of the chip-based devices fit into a 3D-printed rack placed on 
a custom LED light pad. 
3.4. Simulation of fluid conditions 
The constant and steady delivery of toxicants to test specimens is essential for long-term toxicity 
studies. Moreover, a mild test environment is also critical for specimens to behave normally. CFD 
simulations were thus performed along with experimental validations to predict the flow velocity, 
pressure drop and mass transfer uniformity inside the chip device. 
3.4.1. Velocity and pressure simulation 
CFD simulations indicated that there were different velocities at different domains inside the chip 
device. At a flow rate of 5.25 mL/h, velocities at the inlet and outlet ports varied from 0.41 mm/s 
to 0.43 mm/s, while velocities in the main toxicity chamber had a value of 0.16 mm/s (Figure 3.4.1 
(A)). The highest flow velocity of 2.76 mm/s was only observed in the areas of the engraved 
channels (Figure 3.4.1 (B)). The sudden increase in velocity near the engraved channels indicated 
that Artemia could be trapped by hydrodynamic forces in these areas if the flow rate was too high. 
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Figure 3.4.1 CFD simulation of colour-coded (by velocity, mm/s) 3D streamlines of fluid flow across the chip 
device at a flow rate of 5.25 mL/h. (A) Overall velocity streamlines in the chip-based device. (B) Velocity 
simulation at an engraved microchannel. (Published in reference [149]. Reproduced with permission from 
Elsevier.) 
As for pressure in the microenvironment, the CFD simulation results showed that under a 
continuous flow rate of 5.25 mL/h, test specimens in the main chamber should experience an 
average pressure drop of 0.5 Pa (Figure 3.4.2). This finding suggested that Artemia larvae should 
be kept in a low-stress microenvironment, since previous reports indicated similar pressures were 
safe to cells and zebrafish embryos[125, 150, 151]. 
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Figure 3.4.2 CFD-simulated water pressure (Pa) drop across the LOC device at a flow rate of 5.25 mL/h. 
(Published in reference[149]. Reproduced with permission from Elsevier.) 
3.4.2. Mass transfer simulation 
The uniformity and stability of toxicant microperfusion are of the utmost importance for long-term 
toxicity studies using LOC devices. CFD simulations predicted that a complete mass transfer across 
the chip device could be achieved 4 minutes after the start of perfusion at a flow rate of 5.25 mL/h. 
This theoretical assumption was then verified experimentally using 0.04 % (v/v) Trypan blue dye. 
The Trypan blue solution was perfused from the inlet at the same flow rate, and the results 
suggested that 4 minutes was sufficient for the dye solution to fully displace the initial medium. 
Moreover, there were no significant delays during the experimental medium exchange, which 
strongly indicated that the preliminary results were in excellent agreement with the CFD 
simulations (Figure 3.4.3). 
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Figure 3.4.3 Time-resolved CFD simulations detailing the uniformity of mass transfer inside the main 
chamber. The time-resolved analysis was performed minutely from the start of perfusion until four minutes 
at a flow rate of 5.25 mL/h. The flow directions are indicated by black arrows. (A) CFD simulation of the 
time needed for complete dye exchange across the caging chamber. (B) Experimental validation of the time 
required for complete dye exchange across the caging chamber. (Published in reference [149]. Reproduced 
with permission from Elsevier.) 
3.5. Optimisation of microperfusion conditions 
With the simulation results, it was clear that the chip itself could work. However, it was still 
necessary to determine the optimal flow rate and the most suitable number of nauplii to be loaded 
into the chip.  
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3.5.1. Flow rate optimisation 
The primary question regarding the chip device was whether Artemia nauplii could survive on the 
chip-based device for the 24-hour test duration. The 24-hour survival test was performed under 
different flow rates ranging from 0 mL/h to 22.07 mL/h, and the survival rate was recorded at the 
end of the test. The result indicated that Artemia nauplii could only survive in the perfusion-based 
chip environment under flow rates ranging from 5.25 mL/h to 22.07 mL/h (Figure 3.5.1 (A)). 
Furthermore, the cumulative distance covered by the specimens had increased during the test period 
at a flow rate of 5.25 mL/h. The gradual increase in cumulative distance moved over the duration 
of the test, as indicated by the change from 350 mm at 0 hours to 550 mm at 24 hours, was related 
to the progressive growth of nauplii during the test period (Figure 3.5.1 (B)). However, the 
cumulative distance showed a considerable deterioration when there was no flow in the chip device. 
Although nauplii remained 100 % viable at 12 hours, their movement ability was heavily damaged 
such that the distance moved dropped to 140 mm (Figure 3.5.1 (B)). The decreases in the survival 
rate and behavioural parameter were probably because of the depletion of oxygen within the chip, 
since the chip device consisted of a gas-impermeable material (PMMA) and the low flow rate did 
not provide sufficient medium exchange. 
 
Figure 3.5.1 Biocompatibility of perfusion-based chip microenvironment. (A) Survival rate (viability) of 
Artemia sp. nauplii on the chip-based device under different flow rates. (B) Cumulative distance (mm) 
travelled at each time point by nauplii under 0 mL/h and 5.25 mL/h flow rates (* indicates that the survival 
rate of Artemia nauplii at this time point was still 100 %). (Published in reference [149]. Reproduced with 
permission from Elsevier.) 
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Considering the survival rate, there was a huge range of acceptable flow rates. However, the 
velocity simulations indicated that high-velocity domains existed near the engraved microchannels 
at the outlet of the main chamber (Figure 3.4.1). These areas could potentially trap and immobilise 
the Artemia larvae hydrodynamically, which could introduce error into the behavioural analysis. 
An example of such a condition is illustrated in Figure 3.5.2, where two nauplii were immobilised 
at the engraved microchannels for 4 seconds under a flow rate of 13.66 mL/h. These images are 
screenshots from a video that was taken at 24 hours after the start of microperfusion. 
 
Figure 3.5.2 Artemia nauplii trapped at the engraved microchannels under a perfusion flow rate of 13.66 
mL/h at the 24-hour time point. The trapped nauplii are highlighted by dashed circles. The black arrow 
indicates the flow direction. 
Therefore, a video analysis was applied to investigate the swimming patterns of Artemia nauplii 
under different flow rates. The visualised results showed that nauplii were not capable of swimming 
against the water current and were hydrodynamically immobilised in areas of high fluid velocity 
only at flow rates exceeding 9 mL/h. Moreover, under a flow rate of 5.25 mL/h, nauplii swam the 
most homogeneously, and their trajectories were most evenly distributes across the chamber 
(Figure 3.5.3). The average speed and total distance moved by the nauplii were stable at 5.25 mL/h 
when compared across multiple devices. Therefore, 5.25 mL/h was identified as suitable for use in 
all following studies as it showed the least influence on the behavioural analysis. 
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Figure 3.5.3 Trajectories of Artemia nauplii movement under different flow rates. The black arrow indicates 
the flow direction. It should be noted that at flow rates larger than 9 mL/h, nauplii were not capable of 
swimming against the water current and were to the outlet side of the chamber. (Published in reference [149]. 
Reproduced with permission from Elsevier.) 
3.5.2. Artemia density optimisation  
The behavioural analysis software, LoliTrack, used in this project can track 24 objects 
simultaneously. Considering research throughput, it would be best for 24 nauplii to be loaded onto 
each chip. However, it was reported that the density of Artemia has an evident influence on their 
behaviour, especially in young specimens[152]. It was important to find out whether the density of 
test specimens could potentially alter their behaviours or not, especially the nauplii were caged 
together in a small chip-based device. I tested the impact of nauplii density on two selected 
behavioural parameters, average velocity and average distance moved. The results indicated that 
there were no significant behaviour alterations when 2, 6 or 10 nauplii were loaded onto the chip 
device at the same time point (Figure 3.5.4). While I tried to load more specimens on the chip, the 
analysis software was not capable of tracing more objects in such a small area, which suggested 
that a larger chamber was necessary for loading more nauplii. 
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Figure 3.5.4 The influence of Artemia nauplii density on their behaviours. (A) Impact of nauplii density on 
average swimming speed (±standard deviation) (mm/s). (B) Impact of nauplii density on average distance 
moved (±standard deviation) (mm). (Published in reference [149]. Reproduced with permission from 
Elsevier.) 
Hence, it was also necessary to study whether chamber size could potentially impact the behaviour 
of Artemia. For this purpose, ten nauplii were loaded onto three chips that had different sizes of 
cage chamber, with diameters of 7.10, 10.00 and 12.25 mm, respectively, and then the effects on 
Artemia behaviours were investigated. The data indicated that there were slight increases in both 
parameters with increasing chamber size (Figure 3.5.5). However, even the largest chamber tested 
here was not capable of loading more nauplii and having the behavioural analysis software function 
properly. Moreover, the larger chamber required more time for medium exchange. Therefore, it 
was decided that 10 Artemia nauplii per chip device with a chamber diameter of 10 mm was the 
optimal condition for all following tests. 
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Figure 3.5.5 The influence of chamber size on the behaviours of Artemia nauplii. (A) Impact of chamber size 
on average swimming speed ((±standard deviation) (mm/s). (B) Impact of chamber size on average distance 
travelled ((±standard deviation) (mm). 
3.6. Behavioural toxicity biotesting in a microfluidic environment 
Following optimisation of the microperfusion conditions as well as the LOC system setup, the 
applicability of using behavioural endpoints acquired from a microperfusion environment was 
studied to determine whether it can be utilised as a new tool for aquatic ecotoxicity assessments. A 
panel of chemicals with different modes of action was chosen for toxicity testing using both 
conventional static multiwell plates and microfluidic LOC devices. These comparison tests were 
performed with the following aims: (1) to compare the median lethal concentrations (LC50) obtained 
from the LOC microperfusion environment and the conventional static environment; (2) to study 
the behavioural responses of Artemia exposed to toxicants with different modes of action; and (3) 
to determine whether behavioural endpoints obtained on chip-based devices can provide higher 
sensitivity and overcome the limitations of conventional toxicity tests. 
3.6.1. Toxicity biotesting using heavy metals 
The first chemical I tested was a heavy metal, potassium dichromate. The mortality test results 
indicated that for potassium dichromate, comparable 24-hour mortalities were achieved on the 
microfluidic device and the static multiwell plate, for which the LC50 values were 43.17 mg/L and 
34.24 mg/L, respectively (Figure 3.6.1 (A)). A linear correlation analysis of the two experimental 
setups was also performed and yielded an R2 value larger than 0.9 (Pearson linear correlation test 
(p < 0.01)) (Figure 3.6.1 (B)).  
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For the behavioural analysis, aside from the trajectories of nauplii movement, which were 
visualised as images, two other parameters were chosen to evaluate behavioural alterations caused 
by chemicals. The first parameter was the % change in average swimming velocity normalised to 
that of the controls. The average swimming velocity represented that the average velocity of all live 
nauplii in the same chamber. This parameter was specifically focused on organisms that were viable 
after exposure to chemicals. The second parameter was the % change in the total distance moved 
normalised to that of the controls. The total distance moved represented the cumulative distance 
moved of all nauplii in the same chamber during the analytic duration. This parameter considered 
the toxic effects to all nauplii, living and dead. Moreover, independent controls were run for every 
experiment, so there should be no randomness in the data. 
Interestingly, when potassium dichromate was tested, a sudden increase in Artemia movement was 
recorded for all tested concentrations immediately after the medium was pumped into the chip 
device (Figure 3.6.1 (C)(D)(E)). Such irritation movement lasted for 6 hours to most concentrations, 
which suggested that it may be a hyperactivity syndrome or avoidance behaviour. A similar 
syndrome has also been observed in fish[153]. After 12 hours of exposure, for concentrations higher 
than 32 mg/L, irritation movement was replaced by a progressive inhibition of swimming activity. 
Moreover, significant decreases in swimming activity were observed after 18 hours of exposure to 
concentrations higher than 44 mg/L. However, it should be noted that according to the standard test 
protocol, more than 95 % of Artemia nauplii were alive at this time point after exposure to 44 mg/L 
and 56 mg/L potassium dichromate. Generally, the % change in the average velocity of live 
specimens showed a response earlier than the % change in the total movement of all test specimens. 
The latter provided a more comprehensive evaluation of chemical toxicity, as it included dead 
specimens in the calculation. Both behavioural parameters showed similar patterns in behavioural 
alterations, i.e., clear and strong dose- and time-dependent responses to the chemical stressor 
( Figure 3.6.1 (D)(E)). Thus, for conciseness, only the % change in total distance moved was used 
as a parameter for the quantitative behavioural analysis for the following chemicals. 
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Figure 3.6.1 Experimental results of Artemia nauplii exposed to potassium dichromate. (A) The 24-hour 
mortality test results (±standard deviation) of Artemia nauplii exposed to potassium dichromate on a 
microfluidic device and a static multiwell plate. (B) Linear correlation curve of the two setups. (C) 
Trajectories of Artemia nauplii on a chip device after exposure to increasing doses of potassium dichromate. 
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(D) Behavioural responses of nauplii on the chip-based device, represented as the change in average 
swimming velocity (± standard deviation), after being exposed to several concentrations of potassium 
dichromate. (E) Behavioural responses of nauplii on the chip device, represented as the change in total 
distance moved (± standard deviation), after being exposed to several concentrations of potassium 
dichromate. Asterisks represent statistical differences from the control. (Published in reference [149]. 
Reproduced with permission from Elsevier.) 
The next heavy metal I tested was cadmium nitrate tetrahydrate. Accordingly, the 24-hour LC50 
values of 718.70 mg/L and 625.79 mg/L were recorded for toxicity tests performed on a static 
multiwell plate and chip device (Figure 3.6.2 (A)). A linear correlation analysis of the two 
experimental setups was then performed and yielded an R2 value larger than 0.9 (Pearson linear 
correlation test (p < 0.01)) (Figure 3.6.2 (B)). Such results further demonstrated that toxicity tests 
performed on the microfluidic LOC device were comparable to standard toxicity tests performed 
on static multiwell plates. Interestingly a progressive inhibition of nauplii movement was observed 
immediately after the microperfusion of cadmium nitrate tetrahydrate for all test concentrations 
throughout the test period (Figure 3.6.2 (C)(D)). Such results suggested that there was a rapid 
saturation of protective mechanisms and that deleterious effects had already influenced the nauplii. 
Similar results have also been reported by other researchers on vertebrate and invertebrate 
organisms[154, 155]. After 6 hours of exposure, a 10 - 40 % reduction in the total distance moved was 
recorded under all conditions in which all nauplii remained alive. This finding indicated that the 
behavioural analysis could detect statistically significant effects at concentrations that frequently 
did not result in mortality[10]. 
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Figure 3.6.2 Experimental results of Artemia nauplii exposed to cadmium nitrate tetrahydrate. (A) The 24-
hour mortality test results (± standard deviation) of Artemia nauplii exposed to cadmium nitrate tetrahydrate 
on a microfluidic device and a static multiwell plate. (B) Linear correlation curve of the two setups. (C) 
Trajectories of Artemia nauplii on a chip device after exposure to increasing doses of cadmium nitrate 
tetrahydrate. N/A indicates that all nauplii in that condition were dead and that behavioural data were not 
available. (D) Behavioural responses of nauplii on the chip device, represented as change in total distance 
moved (± standard deviation), after being exposed to several concentrations of cadmium nitrate tetrahydrate. 
Asterisks represent statistical difference from the control. (Published in reference [149]. Reproduced with 
permission from Elsevier.) 
3.6.2. Toxicity biotesting using organics 
What I tested next was a narcotic chemical, ethanol. Artemia had a 24-hour LC50 value of 3.249 % 
(v/v) on the LOC device, which was quite similar to the 3.487 % (v/v) obtained when the standard 
protocol was used (Figure 3.6.3 (A)). A linear correlation analysis of the two experimental setups 
was then performed and yielded an R2 value larger than 0.97 (Pearson linear correlation test (p < 
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0.01)) (Figure 3.6.3 (B)). Experimental mortality values obtained using the microperfusion device 
matched data obtained using the standard static protocol. For behaviour, ethanol showed a rapid, 
strong inhibitory effect on Artemia nauplii movement (Figure 3.6.3 (C)(D)). Notably, decreases in 
the average distance moved were recorded immediately after the start of microperfusion for all test 
concentrations. After 6 hours of exposure, the highly significant reductions were noted even for 1 % 
and 2 % (v/v) of ethanol; these values were 30 % and 70 % inhibition, respectively. It also should 
be noted that for 3 % (v/v) ethanol at this time point, no Artemia were counted as dead based on 
the standard protocol, while there was more than a 90 % reduction in behavioural response. It can 
be concluded that ethanol had strong behavioural alteration effects on Artemia. However, a 
commonly known, more sensitive and fragile crustacean, D. magna, has been reported to be quite 
tolerant to ethanol[55], which suggests that the response to ethanol may be species-dependent. 
 
Figure 3.6.3 Experimental results of Artemia nauplii exposed to ethanol. (A) The 24-hour mortality test 
results (± standard deviation) of Artemia nauplii exposed to ethanol on a microfluidic device and a static 
multiwell plate. (B) Linear correlation curve of the two setups. (C) Trajectories of Artemia nauplii on a chip 
65 
 
device after exposure to increasing doses of ethanol. (D) Behavioural responses of nauplii on the chip device, 
represented as the change in total distance moved (± standard deviation), after being exposed to several 
concentrations of ethanol. Asterisks represent statistical differences from the control. (Published in reference 
[149]. Reproduced with permission from Elsevier.) 
Followed ethanol, I tested caffeine, a xanthine alkaloid typically regarded as a nervous system 
stimulant. Artemia nauplii showed a high resistance to this chemical. The estimated 24-hour LC50 
values were approximately 4,800 mg/L on the reference static multiwell plate and the chip device, 
and the linear correlation analysis yielded an R2 value larger than 0.95 (Pearson linear correlation 
test (p < 0.01)) (Figure 3.6.4 (A)(B)). Caffeine caused a hypoactivity syndrome quite similar to that 
of ethanol. A visible reduction in distance moved was observed after only 6 hours of exposure. 
Nauplii had at least a 40 % decrease in movement even at concentrations lower than LC10 (Figure 
3.6.4 (C)(D)). 
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Figure 3.6.4 Experimental results of Artemia nauplii exposed to caffeine. (A) The 24-hour mortality test 
results (± standard deviation) of Artemia nauplii exposed to ethanol on a microfluidic device and a static 
multiwell plate. (B) Linear correlation curve of the two setups. (C) Trajectories of Artemia nauplii on the 
chip device after exposure to increasing doses of caffeine. (D) Behavioural responses of nauplii on the chip 
device, represented as the change in total distance moved (± standard deviation), after being exposed to 
several concentrations of caffeine. Asterisks represent statistical differences from the control. (Published in 
reference [149]. Reproduced with permission from Elsevier.) 
The last chemical I tested was dimethyl sulfoxide (DMSO), a solvent commonly used for helping 
to dissolve hydrophobic compounds in water. For a long time, DMSO was regarded as a low-
toxicity carrier chemical for concentrations up to 5 %, and even 10 % in extreme cases[156-158]. Not 
surprisingly, Artemia nauplii were quite tolerant to DMSO in terms of mortality on both the chip 
device and static multiwell plate. Up to 5 % (v/v) DMSO did not kill any nauplii after 24 hours of 
exposure. However, a dose- and exposure time-dependent hypoactivity syndrome was clearly 
recorded in terms of a reduction in the average distance moved (Figure 3.6.5). DMSO did not show 
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any significant effects on nauplii behaviour at a concentration of 0.1 % (v/v). However, after 12 
hours of exposure, statistically significant decreases ranging from 20 % to 50 % in motility were 
observed for all concentrations higher than 1 % (v/v) (Figure 3.6.5 (B)). To date, there have only 
been a few reports regarding the impact of DMSO on behavioural parameters; interestingly, DMSO 
showed an inhibitory effect on planarians but an agitative effect on zebrafish larvae[159-162]. Such 
strong hypoactivity syndromes as those presented here support the opinion that there should be 
more concern about the ubiquitous use of low concentrations of DMSO as a carrier chemical in 
toxicity studies[156-158, 163]. 
 
Figure 3.6.5 Experimental results of Artemia nauplii exposed to DMSO. (A) Trajectories of Artemia nauplii 
on a chip device after exposure to increasing doses of DMSO. (B) Behavioural responses of nauplii on the 
chip device, represented as the change in total distance moved (± standard deviation), after being exposed 
to several concentrations of DMSO. Asterisks represent statistical differences from the control. (Published 
in reference [149]. Reproduced with permission from Elsevier.) 
3.6.3. Behavioural biotesting using pharmaceutical drugs 
Pharmaceuticals have long been known to exert ecotoxic effects on many species[164-166]. However, 
due to their extremely low environmental concentrations, formally referred to as environmentally 
relevant concentrations, conventional biotests are either not sensitive enough to detect them or 
require long exposure times. The microfluidic LOC system recorded active behavioural alterations 
in Artemia nauplii even when the chemicals mentioned above were tested at concentrations lower 
than the 24-hour LC10 values. Thus, it would be interesting to use LOC devices to determine 
whether behavioural changes in Artemia nauplii can be used to assess chemical toxicity at even 
lower concentrations, e.g., environmentally relevant concentrations of pharmaceutical 
micropollutants. 
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In this part, I tested four pharmaceuticals at environmentally relevant concentrations on Artemia 
nauplii using the perfusion-based microfluidic LOC device. This first chemical I tested was caffeine, 
which was shown not to cause mortality in the biotesting described above. Caffeine has been 
reported to have seawater concentrations ranging from a few ng/L to 5,000 ng/L[167]. Artemia 
nauplii showed a gradual time-dependent increase in both movement velocity and distance because 
the nauplii were growing during the exposure period. However, there were no significant 
differences among all concentrations tested, which suggested that caffeine concentrations up to 1.0 
mg/L could not alter the behaviour of nauplii (Figure 3.6.6). 
 
Figure 3.6.6 Behavioural biotest results of caffeine at environmentally relevant concentrations using Artemia 
nauplii on a perfusion-based microfluidic LOC device. (A) Average velocity (± standard deviation) of nauplii 
exposed to different concentrations of caffeine. (B) Average distance moved (± standard deviation) of nauplii 
exposed to different concentrations of caffeine. 
After caffeine, I tested carbamazepine, which is an anticonvulsant and analgesic drug with reported 
concentrations in the environment of up to a few thousand ng/L[168, 169]. Interestingly, Artemia 
nauplii showed a significant decrease (p < 0.05) in average velocity after the first 6 hours of 
exposure to 10 mg/L carbamazepine, and then this reduction gradually recovered (Figure 3.6.7 (A)). 
However, there was a statistically significant (p < 0.05) reduction in both behavioural parameters 
after 18 hours of exposure to 0.01 mg/L carbamazepine (Figure 3.6.7). These results indicated that 
at higher concentrations, Artemia nauplii had a more rapid response to the chemical manifesting as 
reduced activity followed by increased activity, while these behavioural changes required more 
time to appear after exposure to lower concentrations. De Lange et al. reported similar biphasic 
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effects when they exposed the freshwater crustacean G. pulex to the same chemical[43]. In their 
study, G. pulex showed greater reductions in locomotion after exposure to lower concentrations[43]. 
 
Figure 3.6.7 Behavioural biotest results of carbamazepine at environmentally relevant concentrations using 
Artemia nauplii on a perfusion-based microfluidic LOC device. (A) Average velocity (± standard deviation) 
of nauplii exposed to different concentrations of carbamazepine. (B) Average distance moved (± standard 
deviation) of nauplii exposed to different concentrations of carbamazepine. Asterisks represent statistical 
differences from the control. 
The third chemical tested was fluoxetine, which is an antidepressant reported to have a surface 
water concentration of approximately tens of ng/L[170, 171]. Interestingly, Artemia nauplii exposed to 
this chemical showed very similar behavioural alterations compared with those exhibited after 
exposure to carbamazepine. Nauplii showed a significant decrease (p < 0.01) in average velocity 
from the 5.09 mm/s of the control to 3.94 mm/s after exposure to 0.1 mg/L fluoxetine for 24 hours 
(Figure 3.6.8 (A)). They also exhibited a significantly lower distance moved (p < 0.01) under the 
same conditions, at 51 mm relative to the 60 mm of the control (Figure 3.6.8 (B)). De Lange and 
colleagues reported a similar effect in their study on G. pulex[43]. 
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Figure 3.6.8 Behavioural biotest results of fluoxetine at environmentally relevant concentrations using 
Artemia nauplii on a perfusion-based microfluidic LOC device. (A) Average velocity (± standard deviation) 
of nauplii exposed to different concentrations of fluoxetine. (B) Average distance moved (± standard 
deviation) of nauplii exposed to different concentrations of fluoxetine. Asterisks represent statistical 
differences from the control. 
The last pharmaceutical tested was valproic acid sodium salt, or valproate, which is primarily used 
to treat epilepsy and bipolar disorder and has an environmentally relevant concentration as high as 
17,000 ng/L[172]. Compared with the control (0 mg/L), Artemia nauplii showed significant 
differences (p < 0.01) when treated with valproic solution for 24 hours (Figure 3.6.9). The average 
velocity in the control group was approximately 4.5 mm/s, but in the treated groups, the average 
velocities were smaller than 4 mm/s. Accordingly, the average distance moved in the control group 
was 55 mm, while in the treated groups, it was no more than 45 mm. These findings show that even 
the lowest concentration, 0.01 mg/L, could cause a noticeable hypoactive alteration in the 
organisms’ behaviour. However, there were no dose-dependent responses among the three treated 
groups. Surprisingly, valproate was reported to have a hyperactive effect on such vertebrates as 
zebrafish larvae at concentrations lower than 10 mg/L but a hypoactive effect at concentrations 
higher than 15 mg/L[173, 174]. Although these are preliminary results, valproate exerted only 
hypoactive effects on Artemia nauplii at concentrations ranging from 0.01 mg/L to 100 mg/L. My 
results confirm that valproate might have different effects on excitatory and inhibitory 
neurotransmitters of test specimens in developmental stages[173]. 
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Figure 3.6.9 Behavioural biotest results of valproic acid sodium salt at environmentally relevant 
concentrations using Artemia nauplii on a perfusion-based microfluidic LOC device. (A) Average velocity 
(± standard deviation) of nauplii exposed to different concentrations of valproic acid sodium salt. (B) 
Average distance moved (± standard deviation) of nauplii exposed to different concentrations of valproic 
acid sodium salt. Asterisks represent statistical differences from the control. 
3.7. Discussion and conclusion 
In this project, I, for the first time, reported a proof-of-concept LOC system for rapid aquatic 
toxicity biotesting based on the nauplii of the marine crustacean A. franciscana. With a series of 
simulation, validation, and reference toxicant tests, I demonstrated that statistically similar 
mortality-based dose-response profiles were achieved for all tested toxicants under both the 
conventional standard test and perfusion-based on-chip conditions. Moreover, I confirmed that the 
chip device with video data analysis functionality could replace the conventional manual counting 
process by using short video recordings of the movement of Artemia nauplii. For most of the 
reference toxicants, a behavioural alteration was clearly observed starting from the first few minutes 
of perfusion. The on-chip biotesting system was verified using pharmaceuticals at concentrations 
as low as their environmentally relevant concentrations. For some of the tested pharmaceuticals, 
significant behavioural changes were recorded. 
The conventional standard test conditions for Artemia represent the typical static testing method in 
which test specimens are kept in static wells and the number of dead specimens are counted at 
designated time points. In my design, the populations of Artemia nauplii are kept in miniaturised 
devices under constant and mild conditions that provide an attractive analytical avenue for the rapid 
delivery and exchange of reagents with exceptional accuracy. Moreover, conventional solution 
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renewal is a time-consuming and labour-intensive process that could easily cause unintended 
damage to test specimens. In this LOC system, most solution is stored in the reservoir, and renewal 
is as easy as replacing the reservoir itself, which is clearly much simpler and more convenient. 
Behavioural ecotoxicity testing is increasingly considered as a sublethal alternative to mortality 
endpoint testing[10, 175]. However, due to technological limitations and the small size of Artemia 
nauplii, only a few studies have reported the use of optical tracking to investigate behavioural 
ecotoxicity based on Artemia nauplii[45, 176, 177]. The LOC device developed in this project requires 
a small field of view and depth of field. It has no reflection, blur or shadows caused by curved walls 
or thick edges, which can be troublesome in a behavioural analysis. Constant, clear images of 
Artemia nauplii are guaranteed. 
I conclude that a sublethal behavioural analysis performed on Artemia nauplii under microperfusion 
conditions can provide much more sensitive effect endpoints than can conventional protocols, 
where mortality is used as the primary evaluation criterion. However, there are still limitations for 
this Artemia chip-based behavioural biotesting system. The major limitation is the test specimen 
itself, A. franciscana, which has a low sensitivity to chemicals. In fact, many researchers have 
questioned the use of Artemia in toxicity bioassays because of its low sensitivity compared with 
that of other species[178-180]. In seawater, I tested but many heavy metals start to precipitate before 
they have any lethal effects on Artemia. Moreover, my results from testing pharmaceuticals indicate 
that Artemia has a sensitivity 100-fold lower than that of G. pulex[43]. The low sensitivity of this 
specimen profoundly limits the applicability of my chip device. 
Another drawback of the Artemia chip-based behavioural biotesting system is its throughput. 
Although a camera with a large field of view could be used to record multiple chips simultaneously, 
the number of chips remains restricted by the peristaltic pumps. Thus, to address these limitations, 
in the next chapter, I present another proof-of-concept chip design using a more sensitive organism. 
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4. DAPHNIA CHIP: A LOC SYSTEM FOR AUTOMATED 
DAPHNIA BEHAVIOURAL TESTING 
4.1. Introduction 
The application of aquatic toxicity testing that provides sensitive biological responses to chemical 
hazard is critical to ensure the protection of the aquatic ecosystem. In recent years, the number of 
studies focused on assessing the sublethal effects of contaminants has grown still, the main 
limitation in the current testing protocols is the lack of user-friendly and automated instrumentation, 
which requires performing time-consuming and laborious manual procedures. This chapter presents 
the development of an innovative miniaturised LOC platform for the automation and enhancement 
of acute Daphnia toxicity testing. The primary goal of this chapter was to construct an LOC device 
suitable for caging free-swimming Daphnia neonates and performing microperfusion-based 
behavioural toxicity biotesting. Therefore, a design similar to that of the Artemia chip (Chapter 3) 
was applied, and a time-resolved video data acquiring system was integrated with a chip device 
consisting of biocompatible and optically transparent PMMA. The chip device was redesigned to 
fit the size and particular behavioural pattern of Daphnia neonates. Furthermore, CFD simulations 
and experimental validations were performed to validate the new design. The reliability of the chip 
system was investigated by using a series of reference toxicants, and the results were compared 
with those from a conventional Daphnia immobilisation biotesting setup. In addition, a time-
resolved video data analysis was used to dynamically assess the effects of these reference chemicals 
on selected behavioural parameters that were implemented to investigate the applicability of the 
LOC device to behavioural ecotoxicity studies. 
4.2. Chip design and operation 
The fundamental principle of the chip-based device for Daphnia was quite similar to that of the 
chip for Artemia. The core structure of the chip was also a caging chamber (Figure 4.2.1 (A)(B)). 
Daphnia neonates normally are approximately 0.6 mm in size. The rectangular caging chamber had 
a size of 13 mm × 8 mm and a height of 2.0 mm. The chamber was optimised to hold freely 
swimming specimens larger than Artemia for up to 48 hours under continuous perfusion. Inlet and 
outlet channels were connected to the chamber through each side by six laser-engraved 
microchannels with a height of approximately 0.3 mm, which were smaller than the Daphnia 
neonates (Figure 4.2.1 (B)). Microchannels on each side were ablated in different layers to improve 
mass transfer efficiency. A small loading chamber was directly connected to the toxicity chamber 
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to enable the rapid and easy loading of test organisms. Daphnia was reported to mainly have vertical 
movements, and in this design, the fluid flowed from left to right. Thus, a custom-designed, 3D-
printed holder was used to enable the vertical imaging of the chip device (Figure 4.2.1 (C)). The 
holder also served as carrier mount for a USB camera and LED light pad, which are necessary parts 
for optical time-resolved video recording. A custom peristaltic pump was used for actuating fluids 
and was controlled by a microcontroller[148]. The pump was fully programmable and had a 
maximum flow rate of 120 mL/h.  
 
Figure 4.2.1 Preliminary design of a microfluidic chip system for biotests performed on the freshwater 
crustacean D. magna. (A) 3D model of the LOC device that enables the caging of free-swimming Daphnia 
neonates and perfusion-based toxicological analysis. (B) Microphotograph of microfluidic circuitry 
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fabricated in PMMA thermoplastic plates using infrared laser micromachining. (C) The preliminary 
prototype of the chip system that includes a chip device, illumination source, custom miniaturised peristaltic 
pump, pump microcontroller, and USB camera. 
The preliminary design, along with the mechatronic interface, could be used for perfusion-based 
behavioural biotesting. However, this chip system had several drawbacks, one of which was 
mentioned in the previous chapter: the throughput of the chip device. Because there could never be 
an unlimited number of cameras and pumps, I was forced to find another way to improve the system. 
Aside from this aspect, the deadliest limitation was the air bubble used for sealing the loading port. 
In my Artemia chip (Chapter 3), an air bubble was injected through the loading port to prevent 
specimens from swimming back into the loading port. However, daphnids are quite susceptible to 
surface tension. Thus, the similar design worked very poorly here because the air bubble could 
easily trap Daphnia neonates and cause them to lose their ability to swim (Figure 4.2.2 (A)). Similar 
events occurred because there were air bubbles that had not been completely eliminated when the 
chip was initially primed (Figure 4.2.2 (B)). Once trapped by a bubble, it was almost impossible 
for daphnids to free themselves; as a consequence, trapped daphnids would likely die or cause 
inaccurate behavioural results.  
 
Figure 4.2.2 Daphnia neonates caged in a microfluidic device. (A) One of the neonates (top) was trapped by 
the sealing air bubble. (B) One of the neonates (top left corner) was trapped by an air bubble present in the 
chip device from the beginning. 
76 
 
To improve the design, I first relinquished the idea of using an air bubble to seal the loading port. 
In this case, a PDMS cylinder with a diameter slightly larger than that of the specimen loading port 
was prepared as a plug. PDMS is an inert, non-toxic elastomeric polymer. After loading, the PDMS 
plug was squeezed into the auxiliary loading port and sealed the port completely (Figure 4.2.3). As 
a result, the chip device was no longer reusable. Considering the negligible material costs required 
to fabricate the chip device, this was still acceptable. Moreover, the chip itself had an inner surface 
modified by a 2 % poly(vinyl alcohol) (PVA) solution. This modification was necessary because 
the chip device was made from PMMA, which is a hydrophobic polymer that can easily retain air 
bubbles on its surface. Without this modification, the chip required extensive flushing or rinsing 
with ethanol to prime it by removing all the bubbles, which was a time-consuming process that 
wasted reagents. By coating the surface of PMMA with PVA, the hydrophilicity of PMMA can be 
dramatically increased[110]. As a result, all air bubbles could be easily flushed out of the chip device. 
 
Figure 4.2.3 Daphnia chip device operation flowchart. 1. Daphnia neonates are loaded into a toxicity 
chamber full of clean Daphnia culture medium. 2. A small PDMS plug is squeezed into the loading port to 
seal the chamber containing caged neonates. 3. Perfusion of a toxicant solution is performed. 
Next, to increase the throughput of the chip, the single toxicity chamber design was modified to a 
chamber manifold in a serial configuration (Figure 4.2.4). In general, the new model had fluidically 
isolated clusters of three test chambers. Each test chamber was a cuboid with a size of 13 mm × 8 
mm and a height of 2.0 mm. All chambers were connected with the inlet, the outlet and the other 
chambers by four groups of microchannels. These microchannels were laser-cut from a 0.3-mm-
thick PMMA plate. To increase mass transfer inside the chip device, the microchannels were cut 
into two layers. Each chamber had its own loading port for loading neonates, but all chambers 
shared the same inlet and outlet for fluid delivery. In total, the chip device had a thickness of 7.1 
mm, an inner volume of 826.75 mm3, and an inner surface area of 1,361.92 mm2. 
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Figure 4.2.4 Microfluidic LOC device for Daphnia neonates. (A) 3D models of each layer of the multilayer 
LOC device. (B) 3D CAD design of the microfluidic chamber manifold that enables the caging of Daphnia 
neonates. (C) Microphotograph of the microfluidic chip device fabricated from PMMA using infrared laser 
micromachining. 
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By using the cluster design, the throughput of the chip device was tripled. I also set up an interface 
consisting of four unique modules to perform perfusion-based behavioural biotesting (Figure 4.2.5). 
In this case, a cold-light LED light pad was used to provide illumination, and it also served as a 
holder for the chip devices. A high-resolution camera with a dedicated lens could capture data from 
multiple chip devices simultaneously. PC-based video software was used to analyse the recorded 
behaviour, and a pumping manifold that consisted of multiple custom peristaltic pumps provided 
flow actuation (not shown in Figure 4.2.5 (A)). Based on my study, the camera with the lens could 
be placed 20 cm to 25 cm away from the chip devices, which allowed 6 to 8 chips to be recorded 
simultaneously (Figure 4.2.5 (B)). Although the neonates were too small in the captured videos to 
provide a clear visual image of their body details (e.g., heartbeat), it was still possible for the 
analysis software to assess the general behavioural parameters, e.g., swimming velocity. 
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Figure 4.2.5 Miniaturised video-microscopy system for the optical recording of a chip array. (A) 
Experimental setup of the microfluidic system for the high-throughput behavioural biotesting of Daphnia 
neonates. (B) Image of the chip array while functioning. 
4.3. Simulation of fluid conditions 
Since dramatic changes were made to the chip device, CFD simulations were performed to predict 
the flow velocity, pressure drop and mass transfer uniformity inside the chip device. 
80 
 
4.3.1. Velocity and pressure simulations 
CFD simulations indicated that there were different velocities at different domains inside the chip 
device under a perfusion rate of 5.25 mL/h (Figure 4.3.1). The highest flow velocity of 2.7 mm/s 
only occurred at the main delivery channels connecting the inlet and outlet with the toxicity 
chambers. The inlet and outlet had maximum flow velocities ranging from 0.43 mm/s to 0.45 mm/s. 
The velocities in the toxicity chambers were not higher than 0.16 mm/s. The only areas that could 
potentially trap Daphnia neonates hydrodynamically, the 0.3-mm-high microchannels, had flow 
velocities lower than 2.12 mm/s. Comparing the CFD simulation results of the Daphnia and 
Artemia chips, the maximum velocities at the thin “caging” channels were even smaller than those 
in the Artemia chip, suggesting that daphnids would be less likely to be trapped by hydrodynamic 
forces in these areas. 
 
Figure 4.3.1 CFD simulation of colour-coded (by velocity, mm/s), 3D streamlines of fluid flow across the 
chip device at a flow rate of 5.25 mL/h. (A) Overall chip 3D streamlines. (B) Velocity simulation at the 
interconnecting microchannels. 
As for pressure drop in the microenvironment, the CFD simulation results indicated that under a 
continuous flow rate of 5.25 mL/h, test specimens would experience an average pressure drop of 
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0.2 Pa in each chamber (Figure 4.3.2). From previous reports, this level of pressure should be safe 
to test organisms[125, 150, 151]. Thus, Daphnia neonates should not experience a severe 
microenvironment in the chip. 
 
Figure 4.3.2 CFD-simulated pressure (Pa) drop across the LOC device at a flow rate of 5.25 mL/h. 
4.3.2. Mass transfer simulations 
Due to the large volume of the chip device compared with the Artemia chip (Chapter 3), much more 
time was required for complete mass transfer. The CFD simulations indicated that the whole chip 
device could have complete mass transfer within 15 minutes at an inlet flow rate of 5.25 mL/h 
(Figure 4.3.3 (A)). An experimental validation test using 0.1 % blue food dye yielded a similar 
result by showing that 5, 10 and 15 minutes were necessary for food dye to fully replace the primary 
medium in each chamber, respectively (Figure 4.3.3 (B)). Both the experimental and CFD 
simulation results indicated that there were significant differences in the time required for the 
toxicants to reach the different chambers, particularly as perfusion was beginning. Thus, in all 
following tests, the behavioural analysis would start 1 hour after perfusion began as acclimation. 
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Figure 4.3.3 Time-resolved CFD simulations detailing the uniformity of mass transfer inside the chip-based 
device. Time-resolved analysis was performed at 1, 5, 10 and 15 minutes after the perfusion started at a flow 
rate of 5.25 mL/h. Flow directions are indicated by red arrows. (A) CFD simulations of the time required for 
complete dye exchange across the caging chamber. (B) Experimental analysis of the time required for 
complete dye exchange across the caging chamber. 
4.4. Optimisation of microperfusion conditions 
Based on the results from the simulations, I next performed a series of optimisation tests to 
determine the best flow rate and the most suitable number of neonates to be loaded into the chip. 
4.4.1. Flow rate optimisation 
Daphnia neonates are sensitive and fragile organisms. It is of the utmost importance that they can 
survive normally on the chip device for up to 48 hours, which is the duration of conventional 
standard tests. These survival tests were performed using different perfusion rates ranging from 0 
mL/h to 22.07 mL/h. Each chamber was loaded with five neonates; after 48 hours of continuous 
perfusion, the survival rate was calculated by manually counting immobile neonates. The results 
indicated that most of the neonates could survive in the chip-based device under flow rates ranging 
from 3.15 mL/h to 10.51 mL/h (Figure 4.4.1). Under the no-flow condition (0 mL/h), it was not 
surprising that all the neonates were immobile because the chip device consists of a gas-
impermeable material and there would not have been a sufficient oxygen supply for the neonates. 
The neonates were not able to overcome the flow current at 21.02 mL/h, and they were flushed to 
and accumulated at the microchannels near the outlet side. Interestingly, unlike Artemia nauplii, 
which were always swimming in the chip device, Daphnia neonates move in a way that is more 
like hopping. They hopped up for a distance, rested and fell naturally down to the bottom of the 
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chamber until the next hop. At flow rates of 7.88 and 10.51 mL/h, neonates were still able to 
perform their hopping motion and swam freely in the chamber. However, when they fell down, 
they were still pushed by the flow towards the outlet direction. Thus, following tests were focused 
on assessing the suitability of the platform at flow rates of 5.25 mL/h. 
 
Figure 4.4.1 The 48-hour survival rate of Daphnia neonates in the chip-based device under different 
perfusion rates. 
4.4.2. Daphnia density optimisation 
As previously described, for better research throughput, more test specimens should be loaded into 
each chamber. However, the analysis software was not capable of tracing too many objects in a 
small area. Increasing the number of specimens increased both the possibility of tracking errors and 
the time needed to determine the proper settings for the tracking algorithms. In this part, I tested 
the impact of neonate density on the two selected behavioural parameters. Briefly, two, five or ten 
neonates were loaded into each chamber, and under a perfusion flow rate of 5.25 mL/h, their 
behaviours were recorded and analysed at 1, 16, 32 and 48 hours after perfusion began. Not 
surprisingly, there were no significant differences (p < 0.05) in the average velocity or distance 
moved among the different neonate densities (Figure 4.4.2). However, I did have difficulties in 
analysing chip devices containing ten neonates in each chamber. Therefore, five neonates per 
chamber was chosen as the condition for the toxicity tests. 
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Figure 4.4.2 The impact of Daphnia neonate density on their behaviours in the chip-based device. (A) The 
impact of neonate density on average swimming speed (mm/s). (B) The impact of neonate density on average 
distance travelled (mm). 
4.5. Behavioural toxicity biotesting in a microfluidic environment 
Following optimisation of the chip device itself and the perfusion conditions, I performed a few 
toxicity tests with reference chemicals using both conventional static multiwell plates and chip-
based devices. The purposes of these toxicity tests were as follows: (1) to compare the median 
effect concentrations (EC50) obtained from the chip device and the conventional static setups; and 
(2) to investigate the behavioural responses of Daphnia neonates when exposed to these chemicals 
via perfusion in the chip device. 
4.5.1. Toxicity biotesting using heavy metals 
The first reference compound tested was potassium dichromate. The immobilisation tests 
performed on the chip device and the conventional multiwell plate had 48-hour EC50 values of 
0.683 mg/L and 0.531 mg/L, respectively (Figure 4.5.1 (A)). A linear correlation analysis of the 
two experimental setups was performed and yielded an R2 value of 0.9694 (Pearson linear 
correlation test (p < 0.01)) (Figure 4.5.1 (B)). For the behavioural analysis, as this was the first 
chemical tested on my Daphnia chip device, I again used the % change in average swimming 
velocity normalised to the controls to represent the influence of dichromate on live neonates and 
the % change in total distance moved normalised to the controls to quantify the impact on the 
overall test population. Surprisingly, there were almost no changes (less than 10 %) in the 
swimming velocity of the neonates after the first 8 hours of perfusion. Even after 16 hours, only 
neonates exposed to 3.2 mg/L dichromate showed a 15 % decrease in velocity. At the end of the 
test, neonates exposed to 1.8 mg/L and 3.2 mg/L dichromate solutions were all immobile. However, 
viable neonates exposed to 1.0 mg/L dichromate had a maximum decrease in velocity of 20 % 
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(Figure 4.5.1 (C)). Regarding the total distance moved, a 50 % reduction was observed in neonates 
exposed to 3.2 mg/L potassium dichromate for 8 hours. More than a 20 % reduction was observed 
after 16 hours of exposure to concentrations greater than 0.56 mg/L. A significant inhibition (p < 
0.05) in the distance moved by neonates was recorded after 40 hours of exposure to 0.32 mg/L of 
the chemical (Figure 4.5.1 (D)). Daphnia was clearly sensitive to potassium dichromate and showed 
a strong inhibitory response in terms of the distance moved. However, there were no obvious dose- 
or time-dependent swimming velocity alterations in the daphnids that remained viable (i.e., not 
immobilised) during exposure, which was completely different from the observations of Artemia 
nauplii. For the following chemicals, those two behavioural parameters were used to determine 
whether this was a chemical- or organism-specific effect. 
 
Figure 4.5.1 Experimental results of Daphnia neonates exposed to potassium dichromate. (A) The 48-hour 
immobilisation test results of Daphnia neonates exposed to potassium dichromate using a microfluidic device 
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and a static multiwell plate. (B) Linear correlation curve of the two setups. (C) Behavioural responses of 
neonates on the chip device represented as the change in average swimming velocity. (D) Behavioural 
responses of neonates on the chip device described as the change in total distance moved. Asterisks represent 
statistical differences from the control. 
The next heavy metal tested was copper (II) chloride dihydrate. Copper has been considered to have 
relatively high toxicity to aquatic organisms, which makes it essential to include in water quality 
detection[181]. However, due to its low solubility in sea water, I could not use copper to evaluate my 
Artemia chip. This was also because of the high resistance of Artemia to chemicals. In fact, copper 
started to precipitate long before it could immobilise any Artemia nauplii. However, this was no 
longer an issue in performing tests using the freshwater crustacean D. magna. The immobilisation 
tests performed on the chip device and standard multiwell plate resulted in 48-hour EC50 values of 
0.152 mg/L and 0.228 mg/L, respectively (Figure 4.5.2 (A)). A linear correlation analysis of the 
two experimental setups was performed and yielded an R2 value of 0.99 (Pearson linear correlation 
test (p < 0.01)) (Figure 4.5.2 (B)). The biotests performed on the chip and the conventional 
multiwell plate were almost identical. For the behavioural analysis, similarly, there were no 
extensive changes in the average velocity. The highly toxic concentration of 0.5 mg/L copper 
caused at most only a 20 % decrease in velocity for the whole test duration (Figure 4.5.2 (C)). 
Regarding the total distance moved, the neonates exhibited a 55 % decrease after 8 hours of 
perfusion with 1 mg/L copper. For all test concentrations, the neonates showed a clear reduction in 
movement after 24 hours of exposure. However, it should be noted that these reductions did not 
change much after 24 hours (Figure 4.5.2 (B)).  
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Figure 4.5.2 Experimental results of Daphnia neonates exposed to copper(II) chloride dihydrate. (A) The 48-
hour immobilisation test results of Daphnia neonates exposed to copper(II) chloride dihydrate using the 
microfluidic device and static multiwell plate. (B) Linear correlation curve of the two setups. (C) Behavioural 
responses of neonates on the chip device represented as the change in average swimming velocity. (D) 
Behavioural responses of neonates on the chip device represented as the change in total distance moved. 
Asterisks represent statistical differences from the control. 
4.5.2. Toxicity biotesting using organics 
Caffeine is a xanthine alkaloid consumed largely as beverages and analeptic additives[182]. Caffeine 
has been detected in both surface and ground waters [183].and has been reported that could cause 
different toxic effects on development, reproduction and growth of several aquatic model 
organisms[184, 185]. For daphnids, the EC50 values of the 48-hour immobilisation tests were 210.82 
mg/L and 268.98 mg/L for the chip device and conventional plate, respectively (Figure 4.5.3 (A)). 
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A linear correlation analysis of the two experimental setups was performed and yielded an R2 value 
of 0.9225 (Pearson linear correlation test (p < 0.01)) (Figure 4.5.3 (B)). The neonates showed a 
large decrease in swimming speed after exposed for 1 hour to 1,200 mg/L caffeine. A potent 
inhibition in velocity was also observed after exposure to 640 mg/L caffeine. For other 
concentrations, the effect of the chemical was insignificant (Figure 4.5.3 (C)). Daphnids suffered a 
dramatic reduction in the total distance moved when exposed to caffeine. Even the concentration 
lower than the EC10 (20 mg/L) caused a 20 % depletion in the distance moved. Moreover, the 
inhibition of the total distance moved became progressively more pronounced with increasing 
durations of caffeine exposure. 
 
Figure 4.5.3 Experimental results of Daphnia neonates exposed to caffeine. (A) The 48-hour immobilisation 
test results of Daphnia neonates exposed to caffeine on a microfluidic device and static multiwell plate. (B) 
Linear correlation curve of the two setups. (C) Behavioural responses of neonates on the chip device 
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represented as the change in average swimming velocity. (D) Behavioural responses of neonates on the chip 
device described as the change in total distance moved. Asterisks represent statistical differences from the 
control. 
What I tested next was the narcotic reagent ethanol. The immobilisation tests performed on the chip 
device and conventional multiwell plate resulted 48-hour EC50 values of 1.699 % (v/v) and 1.165 % 
(v/v), respectively (Figure 4.5.4 (A)). A linear correlation analysis of the two experimental setups 
was performed and yielded an R2 value of 0.9867 (Pearson linear correlation test (p < 0.01)) (Figure 
4.5.4 (B)). High concentrations of ethanol were quite toxic to Daphnia neonates; 5 % (v/v) ethanol 
immobilised all neonates within an hour. However, concentrations lower than 0.8 % showed no 
effects on their swimming velocity (Figure 4.5.4 (C)). In fact, ethanol at these concentrations 
showed an agitation effect on the neonates beginning at 8 hours of exposure. This effect 
subsequently changed to a weak inhibition (Figure 4.5.4 (D)). Surprisingly, a paper published by 
Chevalier et al. reported that ethanol concentrations around the EC20 value had a strong agitation 
effect on the swimming velocity of neonates, while the EC10 and EC5 levels had no effects on their 
swimming velocity[55]. One report also mentioned that extremely low concentrations of ethanol had 
significant influences on daphnids’ swimming velocity[186].  
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Figure 4.5.4 Experimental results of Daphnia neonates exposed to ethanol. (A) The 48-hour immobilisation 
test results of Daphnia neonates exposed to ethanol on a microfluidic device and static multiwell plate. (B) 
Linear correlation curve of the two setups. (C) Behavioural responses of neonates on the chip device 
represented as the change in average swimming velocity. (D) Behavioural responses of neonates on the chip 
device represented as the change in total distance moved. Asterisks represent statistical differences from the 
control. 
The last chemical I used to evaluate my Daphnia chip device was dimethyl sulfoxide (DMSO). The 
immobilisation tests performed on both the chip device and conventional multiwell plate resulted 
in 48-hour EC50 values of 1.517 % (v/v) and 0.514 % (v/v), respectively (Figure 4.5.5 (A)). A linear 
correlation analysis of the two experimental setups was performed and yielded an R2 value of 
0.8795 (Pearson linear correlation test (p < 0.01)) (Figure 4.5.5 (B)). For the neonate swimming 
velocity, even 2 % (v/v) DMSO generated no effect for most of the test duration. However, it should 
be noted that DMSO caused a weak but noticeable reduction in swimming velocity at the end of 
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the test (Figure 4.5.5 (C)). DMSO induced a gradual time-dependent decrease in the total distance 
moved by the neonates, which started as an agitation but ended as a strong inhibition (Figure 4.5.5 
(D)). 
The DMSO test results indicated a compelling difference in toxicity between the chip device with 
perfusion and the static conventional plates; the latter showed obviously higher toxicity. This could 
be explained by the advantages of the perfusion system, such as the removal of metabolic wastes 
and leakage from dead neonates from the chambers[148]. The behavioural tests on Daphnia and 
Artemia (Chapter 3) showed similar reductions in movement, which confirmed that a low dose of 
DMSO could cause significant behavioural alterations. For Daphnia, 0.1 % to 0.5 % (v/v) DMSO 
have been reported to be safe by conventional immobilisation tests as well as behavioural 
analyses[187-189]. My results demonstrated that caution should be taken as low doses of DMSO could 
affect specific behavioural parameters. 
 
 
92 
 
 
Figure 4.5.5 Experimental results of Daphnia neonates exposed to DMSO. (A) The 48-hour immobilisation 
test results of Daphnia neonates exposed to DMSO on a microfluidic device and static multiwell plate. (B) 
Linear correlation curve of the two setups. (C) Behavioural responses of neonates on the chip device 
represented as the change in average swimming velocity. (D) Behavioural responses of neonates on the chip 
device represented as the change in total distance moved. Asterisks represent statistical differences from the 
control. 
4.6. Discussion and conclusion 
In this project, I reported, for the first time, the development of an innovative LOC system for acute 
aquatic ecotoxicity biotesting based on the conventional Daphnia neonate 48-hour immobilisation 
test. The system incorporated four unique modules: (1) a transparent chip-based device to perform 
optical behavioural biotesting; (2) a mechatronic interface for fluidic actuation; (3) a high-
resolution camera equipped with a large field-of-view lens to record multiple chip devices 
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simultaneously; and (4) an algorithm for multiparameter behavioural analysis. Using simulation 
and validation tests, a flow rate of 5.25 mL/h was chosen for the perfusion-based biotesting because 
it could maintain the viability and motility of the Daphnia neonates caged within the chip. By 
performing 48-hour immobilisation tests, statistically similar dose-response profiles were achieved 
for most test chemicals using both the chip device and conventional standard test conditions. In the 
behavioural analysis, I used two parameters (represented as a % change normalised to the controls) 
to evaluate the influences of the toxicants on the neonates. The first parameter was the average 
swimming velocity of neonates. Surprisingly, low doses of chemicals (< EC50) could not cause any 
noticeable changes in this velocity, meaning that this parameter was insufficient as an indicator of 
behavioural alterations. The other parameter was the total distance moved by all neonates in the 
same chamber. By considering immobilised neonates, this parameter showed much clearer changes 
in behaviour. The behavioural results suggested that in behavioural ecotoxicology studies, different 
parameters should be carefully chosen to avoid obtaining misleading results[10]. This project also 
targeted the limitations of my Artemia chip system (Chapter 3), such as the low detection sensitivity, 
the precipitation of heavy metals in seawater, and the low research throughput. These limitations 
were successfully overcome by using the freshwater crustacean D. magna and a high-resolution, 
large field-of-view camera. 
One limitation of the serial configuration chip design was that there was an interval of 
approximately 5 minutes for each test chemical to be pumped in from the first chamber to the third 
chamber. It is reasonable to speculate that this time interval would be longer with more chambers 
in such a serial configuration. Although there was a report indicating that daphnids could need up 
to 2 hours for acclimation[190], it is unlikely that more than five chambers would be connected 
serially, which is a possible limitation on further improving the throughput. In this case, a parallel 
configuration could be applied, or even a mixed configuration in which several chambers are 
connected to each other serially to form a unit and several units are connected in parallel[136, 191]. 
Another issue that should be noted is the significant toxicity difference between the microperfusion 
and conventional standard test conditions when testing DMSO. When I tested DMSO using Artemia 
(Chapter 3), due to the tolerance of Artemia, I was unable to notice whether such a difference was 
present. Cartlidge et al. reported a millifluidic chip device for marine amphipod Allorchestes 
compressa toxicity studies in which a high correlation was found between the chip and conventional 
conditions[192]. However, in a study reported by Zhu et al., they found that an unstable chemical, 
nicotine, had a significantly higher toxicity on the chip-based device[125]. These contradictory 
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results indicate that more comprehensive ecotoxicity studies involving the use of chip-based 
devices should be conducted in the future. 
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5. CHARACTERISATION OF ORGANIC TOXICITY IN 
LOC SYSTEMS 
5.1. Introduction 
LOC technologies represent the manipulation of liquids or gases at ultra-low volumes in circuits of 
small channels with several features, such as automation, laminar flow, high throughput, and low 
reagent waste[69-71]. As a rapidly developing field, LOC technologies have been used in many 
research areas for different applications, such as tissue culture, drug discovery and gene 
manipulation[72-74]. Notably, LOC devices are believed to be suitable for most bioassays because 
the precise manipulation of liquids enables the accurate delivery of reagents[193-195]. In this context, 
the culture and manipulation of single cells, tissues, and small organisms on LOC devices for 
bioassays has been widely reported[69, 72, 196]. 
Despite the advantages of LOC technologies in the miniaturisation of bioassays, the inherent 
features of LOC devices, which can be troublesome for biological applications, have not been 
widely considered. Most LOC devices have a large surface area-to-volume ratio, which is enormous 
considering the ultra-low volumes of liquids these devices handle. Of course, this feature is very 
helpful for, e.g., immobilising enzymes on the inner surface of LOC devices[197]. However, most 
LOC devices used for biological applications are fabricated by polymers, such as PDMS and 
PMMA[105, 107, 114]. Tubing that used for connecting chips to pumps and reservoirs are also made of 
polymers, including polyurethane (PU), polytetrafluoroethylene (PTFE), and silicone[198, 199]. These 
polymers used in LOC systems have relatively large hydrophobic surfaces that could potentially 
cause bias in biological analysis. For instance, noncovalent adsorption of chemicals could happen 
because of the electrostatic or nonspecific interactions between polymers and chemicals. 
Unfortunately, the potential adsorption and depletion of organic chemicals have not been properly 
studied. In most cases, the hydrophobicity of LOC systems has only been considered problematic 
in priming chip-based systems, which can be solved by plasma treatment or ethanol priming[200, 201]. 
One report showed that microparticle adsorption onto microchannels via nonspecific adsorption 
can decrease LOC device performance[202]. More evidence of this phenomenon was realised by Dr 
Feng Zhu from the BioMEMS research group[148]. In the study, the author found that a deadly 
organic chemical, 3,4-dichloroaniline (3,4-DCA), showed no toxicity towards zebrafish embryos 
when tested using the LOC system[148]. Unfortunately, until now, there has not been any systematic 
study of the adsorption and depletion of organic chemicals in LOC systems. 
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This chapter describes a systematic study of the adsorption of organic chemicals when performing 
toxicity testing with an LOC system. Such severe reductions in toxicity could lead to significant 
biases in understanding the toxicity of chemical stressors via ecotoxicological studies when using 
LOC technology as a research tool. A highly possible hypothesis for explaining the lack of toxicity 
is that the highly hydrophobic compound adsorbed onto the inner surface of an LOC system. My 
study started from this point with the following major objectives: (1) to identify which part of an 
LOC system causes the most toxicity reduction; (2) to discover possible methods to resolve or at 
least alleviate this problem. In detail, to evaluate the adsorption of organic chemicals onto an LOC 
system, fish embryo toxicity (FET) biotesting was chosen to assess the toxicity of the organic 
chemical. Two highly toxic organic substances, 3,4-DCA and ibuprofen, were studied as reference 
toxicants.  
5.2. Experimental design 
To assess the adsorption of organics onto an LOC system, the first decision was which chip system 
should be used in this study. At the beginning of this research, the BioMEMS research group 
developed four unique chip systems: the Artemia chip[149] (Chapter 3 in this thesis), the Daphnia 
chip[203] (Chapter 4), the zebrafish embryo chip[125], and the amphipod chip[192]. Among them, the 
zebrafish embryo chip system was selected to investigate the adsorption of organic substances, 
mainly because zebrafish embryos have been reported as one of the most sensitive organisms to 
chemical stressors[204] and because the reduction in toxicity was first found on this chip system[148].  
The zebrafish embryo chip system and its operation have been described in detail in previous 
reports[125, 148]. It is a perfusion-based version of the fish embryo toxicity (FET) test[147]. Briefly, 21 
zebrafish embryos are immobilised in the microfluidic chip device for up to 48 hours of exposure, 
and a peristaltic pump recycles a total of 40 mL of toxicant solution between the chip device and 
reservoir through interconnecting tubing (Figure 5.2.1). In fact, all four chip systems mentioned 
above share the same basic system setup concept. 
In the zebrafish embryo chip system, the toxicant solution could only have contact with four 
components. The first element is the reservoir, a glass phial, where most of the toxicant solution is 
stored. The second element is the microfluidic chip where the embryos are immobilised and the 
perfusion-based biotesting occurs. The third element is the elastomeric pump tubing inserted into 
the peristaltic pump, which is compressed to actuate fluid flow. The last component comprises three 
pieces of fluidic interconnecting tubing that connect the chip device, the reservoir, and the pump 
(Figure 5.2.1). 
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Figure 5.2.1 A photograph depicting an overview of all components of the LOC system used for zebrafish 
embryo on-chip toxicity studies. 
As the hypothesis of this study was that the inner surface of the LOC system significantly adsorbed 
highly hydrophobic organic substances, it was important to examine all the components one by one 
to find out which part contribute to the dramatic toxicity reduction. 
5.3. Toxicity reduction of the zebrafish embryo chip system 
Before I studied each component of the zebrafish embryo chip system, I first performed an 
examination test using 3,4-DCA as a reference chemical at a concentration of 3 mg/L (which was 
near the 48-hour LC50 value of zebrafish embryo) on the chip system in case the reduction in 
toxicity was due to random or human error. The results showed that the mortality on the 
conventional 24-well plate was 45 % while it was less than 5 % on the chip system (Figure 5.3.1 
(A)). Moreover, embryos in the chip system did not even show any abnormalities during the 
exposure period (Figure 5.3.1 (B)). These results clearly confirmed that there was indeed a 
significant toxicity reduction when performing FET tests using the chip system. 
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Figure 5.3.1 FET test results after zebrafish embryos were exposed to 3 mg/L 3,4-DCA for 48 hours. (A) 
Embryo mortality of the FET test performed using the conventional 24-well plate and the zebrafish chip 
system. (B) A microscopy image indicating that embryos in the chip system perfused with 3 mg/L 3,4-DCA 
showed no abnormalities. 
5.3.1. Reduction in toxicity on the chip-based device 
The first component examined was the chip device itself. However, the chip was made of the gas-
impermeable material PMMA, and embryos could not survival normally inside without 
perfusion[125]. Therefore, a small round disc was made using the same material. This disc had a 
diameter of 23.93 mm and a height of 1.5 mm with a surface area of 1,012.28 mm2, which was 
almost identical to that of the chip device (Figure 5.3.2). During the exposure, instead of perfusing 
fluids through the chip, the disc was submerged in a Petri dish to simulate the presence of the chip 
device. 
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Figure 5.3.2 The experimental setup used to study the relationship between the chip device and the reduction 
in toxicity.  
FET tests were then performed using this ‘dummy’ chip setup to study the toxicity reduction caused 
by the chip device with embryos exposed to different concentrations of 3,4-DCA. For comparison, 
similar tests were also performed using only glass Petri dishes (without a PMMA disc) as a positive 
control. The mortality curve indicated that after 48 hours of exposure, LC50 values of 3.17 mg/L 
and 3.18 mg/L were acquired from the positive controls and the ‘dummy’ chip setups, respectively. 
After 96 hours of exposure, the LC50 values were 1.42 mg/L and 1.50 mg/L, respectively (Figure 
5.3.3 (A)). For a better comparison, the LC50 value of the ‘dummy’ chip was normalised to the 
positive control, which indicated less than a 1 % decrease in toxicity for the 48-hour test and less 
than a 6 % decrease in toxicity for the 96-hour test (Figure 5.3.3 (B)).  
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Figure 5.3.3 The results of toxicity tests performed with the reference chemical 3,4-DCA using ‘dummy’ chip 
(shown as ‘With chip’) and glass Petri dish (shown as Ctrl) setups. (A) Mortality curves and LC50 values 
generated by analysis software for the 48- and 96-hour time points. (B) The % change in LC50 values of the 
‘dummy’ chip setup compared with the positive control. 
In case the toxicity variation was specific to 3,4-DCA, I repeated the same test using another 
chemical, ibuprofen. Ibuprofen has also been reported as a hydrophobic organic substance highly 
toxic to zebrafish embryos[205]. Embryos exposed to this chemical had 48-hour LC50 values of 1.94 
mg/L and 2.05 mg/L for the conventional glass Petri dish and ‘dummy’ chip setups, respectively. 
For the 96-hour test, the LC50 values were 1.62 mg/L and 1.78 mg/L, respectively (Figure 5.3.4). 
The reduction in toxicity on the ‘dummy’ chip was only 5.6 % and 8.7 % for the 48- and 96-hour 
tests, respectively. 
 
Figure 5.3.4 The results of toxicity tests performed with the reference chemical ibuprofen using ‘dummy’ 
chip (shown as ‘With chip’) and glass Petri dish (shown as ‘Ctrl’) setups. (A) Mortality curves and LC50 
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values generated by analysis software at the 48- and 96-hour time points. (B) The % change in LC50 values 
of the ‘dummy’ chip setup compared with the positive control. 
The experimental FET test results showed that comparable embryo mortality incidences were 
obtained with and without the ‘dummy’ chip. The greatest decrease in embryo mortality in vessels 
containing the PMMA structure was less than 9 %. This result clearly indicated that the chip device 
alone should not be responsible for the reduction in toxicity. 
5.3.2. Testing the pump tubing 
After studying the chip-based device, the next target was the pump tubing. In the LOC system, this 
was 64-mm-long platinum-coated silicone tubing inserted between the rotor and pump casing, 
which is compressed more than 500,000 times during a 96-hour test. Although it had a surface area 
of only 321.5 mm2, which was the smallest of all chip system components, the repetitive 
compression could dramatically increase the area; the length of the pump tubing was always longer 
than 64 mm after 96 hours of pumping. 
The experimental setup used to study the toxicity reduction caused by the pump tubing is shown in 
Figure 5.3.5. In detail, the rotor of the pump was running clockwise and continually compressed 
the pump tubing. The inlet and outlet of the tubing were submerged under toxicant solution inside 
the Petri dish. The flow rate was set to 400 μL/min, which was the same as that used in a previous 
study[125]. During all tests, no embryos were aspirated from the Petri dish. To prevent evaporation, 
Parafilm was used to seal the Petri dish with only two small holes for the inlet and outlet. 
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Figure 5.3.5 The experimental setup used to study the relationship between the pump tubing and the reduction 
in toxicity. 
The comparison test was only performed with 3,4-DCA, and it generated 48-hour LC50 values of 
2.78 mg/L and 2.76 mg/L for the positive control and the pumping setup, respectively. For the 96-
hour test, the LC50 values were 1.48 mg/L and 1.75 mg/L, respectively (Figure 5.3.6 (A)). The % 
change in LC50 values indicated less than a 1 % increase in toxicity for the 48-hour test and a 
reduction of 18.2 % in toxicity for the 96-hour test (Figure 5.3.6 (B)). The experimental FET test 
results revealed that pump tubing alone was unable to cause any significant reduction in toxicity 
for a 48-hour test. However, the 96-hour test results suggested that there could be chemical loss 
during exposure because of the silicone tubing used.  
103 
 
 
Figure 5.3.6 The results toxicity testing with the reference chemical 3,4-DCA performed with the peristaltic 
pump running (shown as ‘Pump tubing’) and without pumping (shown as ‘Ctrl’). (A) Mortality curves and 
LC50 values generated by analysis software at the 48- and 96-hour time points. (B) The % change in LC50 
values in the pumping setup normalised to the positive control. 
5.3.3. Testing the interconnecting tubing 
The chip device, pump tubing, and reservoir had been studied, and the results indicated that little 
reduction in toxicity occurred because of these parts and that they were not the reason for the 
dramatic decrease in toxicity. As the interconnecting tubing was the last component remaining to 
be studies, it was reasonable to speculate that the PU tubing used for the interconnections should 
be the cause of the reduction in toxicity. 
The interconnecting tubing comprised three pieces of PU tubes with a total length of 706 mm 
connecting the pump, chip device, and reservoir. This component had the largest hydrophobic 
surface area in the zebrafish embryo chip system, at 3,546.5 mm2. The experimental setup used to 
study the toxicity reduction caused by the interconnecting tubing is shown in Figure 5.3.7. In detail, 
two 353-mm-long PU tubes were connected to the peristaltic pump. Their ends were immersed into 
a toxicant solution inside a Petri dish. To avoid the influence of the outer surface of PU tubing, the 
end was only immersed into the solution a short distance. A peristaltic pump was programmed to 
provide a flow rate of 400 μL/min, and during a few validation tests, no embryos were aspirated 
into the pump as the suction force was not strong enough to move the embryos far. To prevent 
evaporation, Parafilm was used to seal the Petri dish. 
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Figure 5.3.7 The experimental setup used to study the relationship between the interconnecting tubing and 
the reduction in toxicity. 
Unsurprisingly, a severe reduction in toxicity occurred when performing FET testing with 
recirculation via the pump and PU tubing (Figure 5.3.8). For the 48-hour exposure, FET tests 
performed as a positive control resulted in an LC50 value of 3.17 mg/L, while the test performed 
using the PU tubing setup had an LC50 value of 7.07 mg/L, which was 120 % lower. For the 96-
hour exposure, the reduction was even greater. Tests on the glass Petri dish yielded an LC50 value 
of 1.42 mg/L, and those on the tubing setup yielded an LC50 value of 4.93 mg/L, which was 247.2 % 
lower. The data apparently indicated that the large inner surface area of the PU tubing was indeed 
the reason for the toxicity reduction. 
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Figure 5.3.8 The results of toxicity testing with the reference chemical 3,4-DCA performed with PU 
interconnection tubing (shown as ‘PU’) and without the tubing (shown as ‘Ctrl’). (A) Mortality curves and 
LC50 values generated by analysis software at the 48- and 96-hour time points. (B) The % change in LC50 
values of the interconnecting tubing setup normalised to the positive control. 
For the 48-hour ibuprofen test, the LC50 value was 1.94 mg/L under the positive control conditions 
and 2.31 mg/L under the conditions with the PU tubing. For the 96-hour test, the LC50 values were 
1.62 mg/L and 2.27 mg/L for the positive control and PU tubing setups, respectively (Figure 5.3.9 
(A)). Surprisingly, the decreases in embryo mortality were much lower, even for the 96-hour test; 
the PU tubing caused only a 40 % reduction in the LC50 value (Figure 5.3.9 (B)). 
 
Figure 5.3.9 The results of toxicity tests with the reference chemical ibuprofen performed with PU 
interconnection tubing (shown as ‘PU’) and without tubing (shown as ‘Ctrl’). (A) Mortality curves and LC50 
values generated by analysis software at the 48- and 96-hour time points. (B) The % change in LC50 values 
of the interconnecting tubing setup normalised to the positive control. 
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5.4. Attenuation of toxicity reduction 
It was clear that the PU tubing used for interconnection purposes was responsible for most of the 
toxicity reduction. In this part, I focused on the interconnecting tubing and studied three different 
methods for potentially resolving the problem of hydrophobic organic material adsorption onto the 
LOC system. 
5.4.1. Alternative tubing 
In addition to PU tubing, in LOC technologies, there are a few other tubing materials available for 
interconnection purposes. There are no standard criteria for choosing interconnecting tubing for 
LOC devices, and in most cases, the tubing just needs to be inert and flexible[206-211]. Therefore, I 
tested three widely used polymer tubing materials as replacements for the PU tubing: silicone 
tubing, polytetrafluoroethylene (PTFE) tubing, and polyether ether ketone (PEEK) tubing. 
The toxicity tests performed using these materials were the same as the test performed with the PU 
tubing, except the materials were now silicone, PTFE, or PEEK. I started by testing them using 3,4-
DCA. Compared with the positive control, the LC50 values generated by 48-hour tests of these 
tubing setups were quite similar. The greatest reduction in toxicity was caused by silicone tubing, 
which was still less than 20 %. However, when the exposure duration was 96 hours, huge 
differences in embryo mortality were observed for the three tested tubing materials compared with 
the positive control. The 96-hour LC50 value of the positive control was only 1.42 mg/L, but the 
corresponding values of the three tested tubing materials were no lower than 3.2 mg/L. Toxicity 
tests performed with the presence of these tubes yielded embryo mortality rates of 110 - 140 % 
lower than that of the positive control. (Figure 5.4.1) 
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Figure 5.4.1 The results of toxicity tests with the reference chemical 3,4-DCA performed with PTFE, PEEK, 
and silicone interconnection tubing. (A) Mortality curves and LC50 values generated by analysis software at 
the 48-hour time point. (B) Mortality curves and LC50 values generated by analysis software at the 96-hour 
time point. (C) The % change in LC50 values of the interconnecting tubing setups normalised to the positive 
control. 
Toxicity tests performed using ibuprofen showed similar but much better results. For the 48-hour 
exposure, the positive control test had an LC50 value of 1.94 mg/L, and the three tested tubing 
materials had similar LC50 values. For the 96-hour exposure, the three tested tubing materials 
exhibited differences in embryo mortality compared with that of the positive control. However, the 
reductions were not large. The toxicity test performed with the presence of PTFE tubing had an 
LC50 value of 1.75 mg/L, which was less than 10 % lower than that of the positive control. The 
worst tubing was the silicone tubing, which yielded an LC50 value approximately 30 % lower than 
that of the positive control. (Figure 5.4.2) 
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Figure 5.4.2 The results of toxicity tests with the reference chemical ibuprofen performed with PTFE, PEEK, 
and silicone interconnection tubing. (A) Mortality curves and LC50 values generated by analysis software at 
the 48-hour time point. (B) Mortality curves and LC50 values produced by analysis software at the 96-hour 
time point. (C) The % change in LC50 values of the interconnecting tubing setups normalised to the positive 
control. 
In addition to these polymers, materials such as glass, and stainless steel are sometimes also used 
as alternatives for LOC system interconnections. If flexibility is not required, stainless steel tubing 
is usable[212]. Glass tubing is more likely to be part of an LOC device itself rather than 
interconnecting tubing. Glass is inert to most chemicals, and it is the same material used in making 
conventional toxicity testing instruments. Organic substances should have the least adsorption on 
glass surfaces. 
The results of the toxicity tests with 3,4-DCA were impressive. For the 48-hour test, there was not 
any reduction in toxicity when the interconnecting tubing was glass or stainless steel. In fact, 
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compared with the positive control, they had almost the same LC50 values (Figure 5.4.3). However, 
when the exposure time reached 96 hours, a dramatic reduction in toxicity was observed in both 
tubing setups. Glass and stainless steel tubing caused more than a 100 % reduction in 3,4-DCA 
toxicity. This was mostly because that with the use of these two tubing materials, the embryo 
mortality rates after exposure to 1 mg/L and 3 mg/L 3,4-DCA were lower than that of the positive 
control (Figure 5.4.3). 
 
Figure 5.4.3 The results of toxicity tests with the reference chemical 3,4-DCA performed with stainless steel 
and glass interconnection tubing. (A) Mortality curves and LC50 values generated by analysis software at the 
48-hour time point. (B) Mortality curves and LC50 values generated by analysis software at the 96-hour time 
point. (C) The % change in LC50 values of interconnecting tubing setups normalised to the positive control. 
When embryos were exposed to ibuprofen, the 48-hour toxicity tests showed that there were tiny 
variations in toxicity with the presence of these tubing materials. In the stainless steel tubing setup, 
toxicity was increased by approximately 5 % but was decreased by approximately 8 % in the glass 
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tubing configuration. For the 96-hour test, the toxicity of ibuprofen was different in these two 
tubing setups. Compared with the positive control, less than a 5 % reduction was observed in the 
stainless steel tubing configuration, while the glass tubing setup showed a reduction of more than 
20 %. (Figure 5.4.4) 
 
Figure 5.4.4 The results of toxicity tests with the reference chemical ibuprofen performed with stainless steel 
and glass interconnection tubing. (A) Mortality curves and LC50 values generated by analysis software at the 
48-hour time point. (B) Mortality curves and LC50 values generated by analysis software at the 96-hour time 
point. (C) The % change in LC50 values of the interconnecting tubing setups normalised to the positive control. 
When 3,4-DCA was used as a toxicant, these two tubing setups exhibited a similar reduction in 
toxicity after 48 hours of exposure as well as 96 hours of exposure. However, when the chemical 
was ibuprofen, the stainless steel tubing caused less of a reduction in toxicity than did the glass 
tubing. This could be explained by the acidic properties of ibuprofen that may be corrosive to metal 
and cause heavy metals to be released into the test solution, resulting in increased embryo mortality. 
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5.4.2. Tubing presaturation 
Microfluidic LOC technologies were not the first to implement the flow-through concept. In 
conventional ‘macro’ toxicity tests, the flow-through concept was applied as a modification to 
provide a better estimation of toxicity[7, 213]. Whole-system presaturation was reported in a previous 
study, in which the flow-through system was running the respective toxicant solution for a few days 
before the actual toxicity tests, as a successful method for preventing substance adsorption[7]. 
Therefore, I also studied whether presaturation could be helpful in preventing the reduction of 
toxicity in the LOC system. In detail, 40 mL of a 3,4-DCA solution was recycled for 4 days by a 
peristaltic pump through the interconnecting tubing. Then, the saturated interconnecting tubing was 
connected to a new peristaltic pump for toxicity testing. Thus, changes in toxicity could only be 
because of presaturation. 
After presaturation, the 48-hour exposure yielded LC50 values of 3.44 mg/L and 6.05 mg/L for the 
saturated glass and PU tubing configurations, respectively, which were approximately 13 % and 
99 % lower than that of the positive control. The 96-hour exposure yielded LC50 values of 2.51 
mg/L and 4.56 mg/L for the saturated glass and PU tubing setups, respectively, which were 
approximately 66 % and 201 % lower than that of the positive control (Figure 5.4.5). These results 
indicated that reductions in toxicity occurred even after interconnecting tubing presaturation. 
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Figure 5.4.5 The results of toxicity testing with the reference chemical 3,4-DCA performed with presaturated 
glass and PU tubing setups. (A) Mortality curves and LC50 values generated by analysis software at the 48-
hour time point. (B) Mortality curves and LC50 values generated by analysis software at the 96-hour time 
point. (C) The % change in LC50 values of the interconnecting tubing setups normalised to the positive control. 
5.4.3. Solution renewal 
Another optional method that could possibly resolve the adsorption problem was tested, i.e., 
solution renewal at a certain time interval; this method is also suggested by the OECD FET test 
protocol when dealing with unstable chemicals[147]. By replacing most of the test solution, any loss 
in toxicant can be minimised. Herein, I exposed zebrafish embryos to 3,4-DCA solutions using a 
similar setup as described in section 5.3.3 to study whether solution renewal could be helpful for 
preventing a reduction in toxicity due to the interconnecting tubing. The toxicant solution was 
renewed by 75 % every 24 hours during the exposure period.  
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The results showed that for the 48-hour exposure, the LC50 values were 2.84 mg/L and 3.28 mg/L 
on static control and glass tubing setups with daily renewal, respectively, which were less than 10 % 
lower than that of the positive control. For the 96-hour exposure, the LC50 values were 1.48 mg/L 
and 2.20 mg/L, respectively, which were approximately 65 % lower than that of the positive control. 
For the 48-hour exposure, there was no significant difference in toxicity between the positive 
control (embryos exposed to the same concentration of 3,4-DCA in a glass Petri dish) and renewal 
setups. However, as shown in Figure 5.4.6, the results clearly indicate that even with daily renewal, 
the zebrafish embryo mortality rate of the glass interconnecting tubing setup was still lower than 
that of the positive control setup after 96 hours of exposure because of the tubing. (Figure 5.4.6) 
 
Figure 5.4.6 The results of toxicity testing with the reference chemical 3,4-DCA performed with daily renewal 
via a glass tubing setup. (A) Mortality curves and LC50 values generated by analysis software at the 48-hour 
time point. (B) Mortality curves and LC50 values generated by analysis software at the 96-hour time point. 
(C) The % change in LC50 values of the interconnecting tubing setups normalised to the positive control. 
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5.5. Discussion and conclusion 
To assess alternative test methods, one of the most important criteria is the correlation of toxicity 
results gained from alternative and conventional methods. Presented as alternatives to conventional 
static tests, LOC toxicity biotests have been shown to be highly correlated to conventional toxicity 
biotests in species such as Artemia, Daphnia, zebrafish embryos and amphipods with a variety of 
reference substances[125, 149, 192, 203]. However, preliminary evidence indicated that when testing 
lipophilic chemicals using LOC toxicity biotests, there was a depletion of chemicals in the system, 
which caused a significant or even a complete reduction in toxicity[148, 214]. Based on these findings, 
this research presented the use of the sensitive zebrafish embryo LOC system[125] as a model for the 
systematic study of the reduction in toxicity in the LOC system using two lipophilic chemicals, 3,4-
DCA and ibuprofen. The results revealed that the large area of the hydrophobic surface in the LOC 
system should be responsible for the reduction in toxicity. In the zebrafish embryo chip system, the 
interconnecting tubing had the largest hydrophobic surface area of 3,546.5 mm2, and the pump 
tubing had the smallest area of 321.5 mm2 (Table 5.5.1). Notably, as interconnecting tubing had the 
largest surface area of all system components, it caused most of the reduction; PU interconnecting 
tubing caused a 96-hour LC50 value for 3,4-DCA 200 % lower than that of the positive control and 
a 96-hour LC50 value for ibuprofen 40 % lower than that of the positive control. These results 
suggest that caution should be taken when using lipophilic substances with an LOC system. 
Because of nonspecific adsorption caused by hydrophobic interactions[215], substance 
concentrations could be significantly lower than intended. 
Table 5.5.1 Surface properties of different LOC system components compared with conventional containers 
used for ecotoxicity biotesting 
 
Chip 
device 
Pump 
tubing 
Interconnecting 
tubing 
Reservoir 
Petri dish 
(90 mm in 
diameter) 
24-well 
plate 
(24 wells) 
Material PMMA Silicone Polyurethane (PU) Glass Glass 
Polystyrene 
(PS) 
Surface 
area 
(mm2) 
1,012.5 321.5 3,546.5 7,118.8 7,666.3 14,020.0 
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Since most of the toxicity reduction was due to the interconnecting tubing, I tested several 
alternative tubing materials, silicone, PTFE, PEEK, glass, and stainless steel, to potentially alleviate 
the decreased toxicity. According to Pearson linear correlation tests (p < 0.01), the results from 48-
hour toxicity tests with 3,4-DCA using stainless steel and glass tubing were highly correlated with 
those of the conventional test, with R2 values greater than 0.999. The toxicity results from tests 
using PEEK, silicone, and PTFE tubing also showed good correlations, with R2 values greater than 
0.9 (Figure 5.5.1 (A)). Unfortunately, for the 96-hour tests, none of the tested tubing materials 
showed a satisfactory correlation with the conventional test. The glass and stainless steel tubing 
showed the most similar toxicity data among all the tested tubing materials (Figure 5.5.1 (B)). 
Although all the tested tubing materials led to dramatic toxicity reductions in the 96-hour tests, the 
silicone, PTFE, PEEK, glass, and stainless steel tubing caused negligible toxicity reductions in the 
48-hour tests. 
 
Figure 5.5.1 Linear correlation analysis of the conventional test setup and interconnecting tubing setup when 
testing 3,4-DCA. (A) The 48-hour test results. (B) The 96-hour test results. 
The correlation analysis of the toxicity tests of ibuprofen showed similar results. For the 48-hour 
tests, all test tubing materials except PU and silicone generated highly correlated results compared 
with the positive control (Pearson linear correlation test, p < 0.01, R2 > 0.9) (Figure 5.5.2 (A)). For 
the 96-hour tests, the glass and stainless steel tubing still showed the highest R2 values (Figure 5.5.2 
(B)). 
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Figure 5.5.2 Linear correlation analysis of the conventional test setup and interconnecting tubing setup when 
testing ibuprofen. (A) The 48-hour test results. (B) The 96-hour test results. 
Inspired by research by Lammer et al.[7], interconnecting tubing presaturation using the respective 
toxicant solution was applied. The Pearson linear correlation test (p < 0.01) indicated that after four 
days of presaturation, the glass tubing yielded toxicity results that were highly correlated with those 
of the conventional test even for the 96-hour duration, with an R2 value greater than 0.9000 (Figure 
5.5.3). This result clearly demonstrated that it is possible for on-chip toxicity tests to yield results 
identical to those of conventional tests using lipophilic substances. 
 
Figure 5.5.3 Linear correlation analysis of the conventional test setup and interconnecting tubing setup with 
four days of presaturation before testing 3,4-DCA. (A) The 48-hour test results. (B) The 96-hour test results. 
In conclusion, there is no doubt that a reduction in toxicity occurred in the LOC system when 
performing biotests with lipophilic substances. I tested two chemicals on the zebrafish embryo chip 
system; the toxicity of 3,4-DCA was reduced severely on the chip system, and while the toxicity of 
ibuprofen was reduced, the reduction was no worse than that of 3,4-DCA. The results also indicated 
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that PEEK, PTFE, stainless steel, and glass tubing could be used as interconnecting tubing 
alternatives for 48-hour toxicity tests. Stainless steel and glass tubing could also be used for 96-
hour tests since their results surpassed those of all other tubing types. However, stainless steel 
tubing is not suitable for corrosive substances, such as acidic chemicals. Moreover, stainless steel 
tubing and glass tubing are almost impossible to bend; thus, special connectors or custom-made 
shapes are necessary to connect tubing sections to other components of LOC systems. Such 
limitations restrict their usage in practice. PTFE and PEEK tubing are rigid but not inflexible. 
Although they are not as soft and flexible as silicone or PU tubing, they could be used to connect 
every component in an LOC system, as long as caution is applied during connection and setup. 
Presaturation and solution renewal can be helpful for maintaining the toxicant concentration, 
although these methods cannot completely resolve this problem. Solution renewal is one of the 
methods suggested by the OECD FET test protocol as a way to maintain the toxicant concentration 
when the toxicant itself is unstable[147]. In this study, the renewal interval was set to 24 hours; as 
such, the first renewal occurred at 24 hours post exposure. The renewal test was only performed 
using 3 mg/L 3,4-DCA, mainly because the test involved excessive manual work. 
There are other methods worth exploring to reduce the adsorption of lipophilic chemicals onto an 
LOC system or prevent toxicity reduction because of adsorption. One method could be using highly 
customised tubing for interconnections to reduce the surface area of the LOC system. Another 
method worth trying is to renew the toxicant solution at a much shorter interval. Of course, shorter 
intervals mean more work for researchers. However, such work can be conducted efficiently by an 
automated LOC system. The surface modification of microfluidic devices has been shown to be 
useful for preventing protein adsorption[216]. Moreover, these methods have been shown to be 
highly effective compared with untreated polymers; however, whether they can create a surface 
with even less adsorption than the glass remains to be determined. In addition, most of surface 
modifications have complicated protocols, and there is no evidence of their effect on small 
lipophilic molecules. Last but not least, most LOC systems use closed-loop perfusion in which a 
small and precise volume of solution is recycled through the LOC system. Open-loop perfusion can 
also be applied in most cases, with the only drawback being that large amounts of solution are 
required. In this case, closed-loop perfusion was used at a flow rate of 0.4 mL/h. If open-loop 
perfusion was used at the same flow rate, a 96-hour test would require more than 2 L of solution 
for each concentration. 
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6. LOC SYSTEMS FOR RAPID CHEMOTAXIS 
BEHAVIOURAL STUDIES 
6.1. Introduction 
Chemotaxis is the movement of an organism in response to a chemical stimulus, which could be 
either moving towards or away from a higher concentration. The avoidance or escape behaviour of 
an organism to a toxicant is a typical negative chemotaxis. On protozoan, avoidance to chemicals 
can occur within seconds[217]. The use of avoidance behaviours as criteria for assessing the effects 
of chemicals on more advanced animals is promising. However, due to the lack of appropriate 
laboratory technologies, such studies have only acquired information on general behavioural 
parameters, such as swimming velocity or activity[45, 50, 53, 55, 177]. There have been reports showing 
that test organisms did show the behaviour of swimming away from higher toxicant concentrations 
in some concentration gradient systems, and the researchers even calculated avoidance EC50 
values[51, 218, 219]. However, these gradient systems were highly customised, and required time-
consuming and labour-intensive fabrication. Moreover, litres of toxicant solution were necessary 
to perform tests using these systems. Lastly, in these systems, avoidance occurred only after hours 
of exposure, which makes avoidance uncompetitive compared with other behavioural endpoints, 
such as speed alteration. In this regard, microfluidic LOC technologies with their unique advantages 
in device fabrication, behavioural studies and concentration gradient formation[220, 221], show great 
potential to address the issues in avoidance studies. 
This chapter describes the development of two proof-of-concept microfluidic LOC devices for 
studying toxin avoidance actions using the small aquatic crustaceans A. franciscana and D. magna. 
These devices exploited the high controllability of flows at low Reynolds numbers to generate 
perfusion-based fluidically isolated domains. The behaviours of the model organisms were 
recorded inside the domains, and these were analysed sophisticatedly to evaluate the efficiency of 
the designs. 
6.2. Parallel-flow chip for Artemia sp. avoidance testing 
6.2.1. Parallel-flow chip design 
The initial idea for the chip design was inspired by Lopes et al. and Giuffre et al.[51, 220]. The concept 
was straightforward. Below the millimetre scale, fluid flows are mostly laminar, which means that 
there are almost no disruptions or lateral mixing. Under these conditions, mass transfer between 
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two laminar flow streams occurs only at the interface via diffusion. However, diffusion is a slow 
process compared with active mixing, and even in microfluidic environments, molecules would be 
flushed out of the chip long before they could diffuse into the other laminar stream and reach the 
channel surface (Figure 6.2.1). In this way, it is possible to create fluidically isolated domains in an 
LOC device as the laminar interface serves as an intangible boundary and splits the chip device 
into two domains (if two laminar streams are used). In the context of aquatic toxicity testing, this 
technique allows the easy creation of discrete domains full of toxicant solution or culture medium 
to be used for evaluating the preference for or avoidance of animals with respect to these regions. 
 
Figure 6.2.1 Schematic illustration of a split chamber formed using laminar flows. 
Therefore, the microfluidic LOC device used here was modified directly from my Artemia chip 
(Chapter 3), which was shown to be successful for culturing Artemia sp. nauplii and performing 
toxicity tests. Briefly, the chip device consisted of several layers of PMMA pieces created using 
laser micromachining. The functional chamber had a circular design with a diameter of 10 mm and 
a height of 1.5 mm. The designed caging chamber was maintained to prevent specimens from 
swimming out of the device. The only modification was that the single inlet design was replaced 
by a two-inlet design to create fluidic domains inside the instrument (Figure 6.2.2). 
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Figure 6.2.2 Microfluidic LOC device for chemotaxis studies. (A) 3D model of a LOC device that utilises 
parallel laminar flows to create a fluidically isolated chamber. (B) Microphotograph of a LOC device 
fabricated from PMMA using infrared laser micromachining. 
The adequate circulation of medium and the creation of split domains for behavioural toxicant 
avoidance testing were priorities for this prototype design. CFD simulations of mass transfer 
indicated that a uniform and stable microenvironment could be formed inside the chip device by 
using a flow rate of 2.625 mL/h for each inlet (Figure 6.2.3). The CFD simulations also estimated 
that the solution inside the device was renewed completely every four minutes. Such a chip device 
could form two internal fluidic domains, one of which was a toxic area full of toxicant solution, the 
other of which was a clean area full of pure culture medium. 
 
Figure 6.2.3 CFD simulation of mass transfer inside the parallel-flow chip device. 
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The CFD simulation results indicated that a diffusion zone existed at the interface of the two parallel 
streams (Figure 6.2.4). By choosing two cross sections perpendicular to the flow direction, the mass 
transfer caused by diffusion at the two areas was simulated. The width of each cross section was 
5.84 mm. Near the inlet side, the estimated diffusion zone was 0.57 mm in width. Near the outlet 
side, it was 0.99 mm in width. This diffusion region was inevitable. However, it was only a small 
area relative to the entire chamber and thus should not be troublesome for avoidance testing. 
 
Figure 6.2.4 CFD simulations of mass transfer by diffusion at the interface of the two parallel streams.  
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6.2.2. Avoidance testing using the parallel-flow chip 
According to the simulations, an avoidance test using 40 mg/L potassium dichromate and Artemia 
sp. nauplii was performed. This chemical was chosen because it was the most sensitive chemical 
to Artemia nauplii based on the research described in Chapter 3. The concentration was the 24-hour 
LC50 value. The nauplii were loaded into the chip device full of clean seawater, and then the 
perfusion of the compound began. After 1 hour of acclimation, 2-minute- long videos were captured 
and analysed to determine the behavioural differences of nauplii in the two domains. 
From the recorded videos, it was observed that fluidically isolated domains were successfully 
formed inside the chamber (Figure 6.2.5). The chamber was split into two parts, a clean domain 
full of clean seawater and a toxic domain full of dichromate solution. To better distinguish the two 
domains, the clean seawater was coloured using food dye (0.04 % v/v). Artemia nauplii swam freely 
inside the chamber and repeatedly crossed the boundary, but their repetitive crossings did not result 
in destabilisation of the fluidic boundary or excessive mixing between the two domains. 
 
Figure 6.2.5 Microphotograph of the parallel-flow chip during microperfusion. The black dotted line 
indicates the fluidic boundary between the culture medium and toxicant solution inside the chip device. 
The movements of Artemia nauplii were analysed frame-by-frame according to several parameters. 
To avoid the influence of food dye, control tests were performed in which fresh seawater was 
pumped into the toxic domain. After being exposed to 40 mg/L potassium dichromate solution for 
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an hour, Artemia nauplii showed increases in swimming velocity, acceleration, and active time 
compared with the control (Figure 6.2.6). These increases matched the results of the studies in 
Chapter 3 as a hyperactivity behaviour that can be explained as an avoidance movement. Artemia 
nauplii did spend more time in the clean domain during exposure, and their distance moved in the 
clean domain was also higher than that in the toxic domain (Figure 6.2.6). However, none of these 
results were statistically significant (p > 0.05). Their number of visits to each area were almost 
equal. Thus, it could not be concluded that Artemia nauplii stayed more in the clean domain to 
escape from the toxic domain.  
 
Figure 6.2.6 Behavioural analysis of Artemia sp. nauplii inside the parallel chip when exposed to potassium 
dichromate. 
6.2.3. Drawbacks of the parallel-flow chip design 
As previously mentioned, an inevitable diffusion zone existed at the interface of the two parallel 
streams (Figure 6.2.4). When the chamber size was small, this diffusion region was acceptable. 
However, when the chamber size became larger, the diffusion area also became larger (Figure 6.2.7 
(A)). Another chamber, which was a square 12.5 mm in size, was also tested; all other conditions 
remained the same. However, this time the diffusion zone was not ignorable, especially near the 
outlets, where it almost reached the centre of the other domain. A significant drawback of this 
design is that it cannot be used with chemicals that have large diffusion coefficients, such as ethanol 
or acetic acid (Figure 6.2.7 (B)). 
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Figure 6.2.7 Microphotographs of situations under which the parallel-flow chip is not suitable. (A) Large 
diffusion zone at the interface of the two domains. (B) An intensive mixture of the two domains when using a 
chemical with a large diffusion coefficient. Domain 1 was filled with 5 % (v/v) acetic acid coloured using 
food dye, while domain 2 was only filled with culture medium. 
6.3. Counter-flow chip for D. Magna avoidance testing 
6.3.1. Counter-flow chip 
To address the issues of the parallel-flow chip, one option was to adopt T-channels, which are 
commonly used in microfluidic research as droplet generators or micromixers[222, 223]. Two inflow 
streams flow towards each other in opposite directions. They meet at the T-junction of a channel 
and flow to the outlet channel (Figure 6.3.1). Using this design, the diffusion zone at the T-junction 
would not be too large. Moreover, chemicals with a high diffusion coefficient cannot travel too far 
into the other stream because they will be quickly flushed out of the channel through the outlet.  
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Figure 6.3.1 Schematic illustration of the split chamber formed using laminar flows. 
Based on this idea, a counter-flow LOC device was designed and fabricated, as shown in Figure 
6.3.2. The chip device had a long chamber (30 mm × 5.78 mm) for test specimens to perform 
movements. Two inlets provided inflow streams to form fluidically isolated domains inside the 
chamber. Several microchannels connected the chamber and inlets, which also prevented test 
specimens from swimming into the inlet ports. An array of small channels perpendicular to the 
chamber served as outlets. These channels were smaller than the test specimens in size such that 
only solution could flow through. Due to attenuation of the laser beam during fabrication, those 
tiny channels had a cone shape with a minimum diameter of 0.1 mm. 
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Figure 6.3.2 Microfluidic LOC device for chemotaxis studies. (A) 3D CAD model of a microfluidic device 
that utilises counter flows to create a fluidically isolated chamber. (B) Microphotograph of a microfluidic 
prototype fabricated with PMMA using infrared laser micromachining. 
Before any avoidance testing was performed, CFD simulations were performed first to validate the 
design. The CFD simulations of mass transfer indicated that discrete domains could be formed 
inside the chip device at a flow rate of 2.625 mL/h for each inlet (Figure 6.3.3). The estimated width 
of the diffusion zone was 0.33 mm, which was smaller than that of the parallel-flow chip. However, 
as the new chip was dramatically larger, complete fluid exchange required approximately 10 
minutes of perfusion at the chosen flow rate. 
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Figure 6.3.3 CFD simulation of mass transfer inside the counter-flow device. 
Severe mixing of high-diffusion-coefficient chemicals broke the distinction of the domains in the 
parallel-flow chip. However, this did not occur within the counter-flow chip (Figure 6.3.4). Clear 
and discrete domains existed within the chamber, even when acetic acid solution was in the toxic 
domain. 
 
Figure 6.3.4 Microphotograph of the counter-flow chip device chamber. The organism loaded was D. magna 
neonates. The clean domain was filled with Daphnia culture medium, and the toxic domain was filled with 
5 % (v/v) acetic acid. 
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6.3.2. Avoidance testing using the counter-flow chip 
As validation tests demonstrated that the new chip design was reliable, an avoidance test using 0.2 
mg/L copper chloride dihydrate and D. magna neonates was then performed. Five neonates were 
loaded into the chip device full of culture medium, and then perfusion began at a flow rate of 2.625 
mL/h. The chamber was split into two parts, a clean domain with clean Daphnia culture medium 
and a toxic domain with copper solution. After 1 hour of acclimation, 2-minute-long videos were 
recorded and analysed to determine the behavioural differences of neonates in the two domains. 
The results indicated that the neonates had increased swimming velocity and acceleration in the 
toxic domain, after being exposed to the copper solution (Figure 6.3.5). They showed statistically 
significant (p < 0.05) increases in swimming acceleration. These findings matched the results 
reported in Chapter 4, in which copper was shown to irritate daphnids at the beginning of exposure. 
Interestingly, the neonates were less active and swam less after being exposed, but they spent more 
time in the toxic domain. The number of visits made to each area were nearly equal. 
 
Figure 6.3.5 Behavioural analysis of D. magna neonates inside the counter-flow chip when exposed to copper 
chloride dihydrate. Asterisk represents a statistical difference from the control. 
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6.4. Discussion and conclusion 
In this chapter, proof-of-concept prototypes of two LOC devices for the behavioural study of toxin 
avoidance were described. These chip-based devices were successfully designed, validated, and 
optimised, and together with tracking software, studies of rapid behavioural changes were 
conducted. In contrast with any previous reports of similar technologies, this study, for the first 
time, explored the possibilities of using microfluidic laminar or counter flows to create fluidically 
isolated domains for testing the avoidance of the small aquatic invertebrates Artemia sp. and D. 
magna. 
The parallel-flow chip was small and had a highly symmetrical fluidic environment. It also had a 
straightforward design that was easy to fabricate. However, it was not suitable for studies requiring 
large chambers or chemicals with large diffusion coefficients. The counter-flow chip overcame 
these disadvantages, but the sophisticated design of the flow channels could be troublesome. 
Unfortunately, neither Artemia nauplii nor Daphnia neonates exhibited significant avoidance 
behaviours on these chip devices. It might be because of the experimental design that a sharp 
concentration variation was used. However, it was found empirically that both Artemia nauplii and 
Daphnia neonates were always travelling in the whole chamber, and swimming across the interface 
of the two domains. It is unlikely that the sharp interface prevented them from sensing the existence 
of clean domain. A more possible explanation could be the limited exposure time (i.e., 1 hour in 
my study) or the limited recording time (i.e., 2 minutes). In research reported by Lopes et al., an 
average of several hours were needed for D. longispina to display changes in distribution as an 
avoidance behaviour in response to test chemicals[51]. However, several hours of exposure were 
sufficient to cause abnormalities in other behavioural parameters, such as swimming velocity[45, 55, 
177, 192]. In this regard, using avoidance (i.e., escape from areas of toxin high concentrations) to 
assess the effect of a toxicant is not particularly competitive. The other probable reason could be 
the test organisms themselves that chemotaxis on aquatic crustacean is not strong comparing with 
protozoans like paramecium. 
Although the test specimens did not show any significant avoidance behaviours, in particular, they 
did not show any preference for a specific domain, the prototypes still demonstrated their feasibility 
as a new technology. This proof-of-concept technology provides a new methodology that could 
potentially be used for feeding, predator avoidance, or phototaxis behavioural studies. 
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7. CONCLUSIONS 
The development of aquatic toxicity bioassays is driven by the urgent requirements of the real world, 
which include the development of new chemical-specific biotests, commercial biotest kits and 
biotest automation methods[224]. In particular, the lack of biotesting automation has been a 
bottleneck for increasing our understanding of the ecotoxicological effects of chemical substances 
on various species in the environment and the environment itself. This was where this Ph.D. project 
started. First, I integrated microfluidic a LOC device, mechatronic components, video-recording 
tools and analysis software to develop a proof-of-concept platform for Artemia toxicity biotesting. 
Next, I prepared and fabricated another LOC platform for a more sensitive but fragile organism 
with a much higher throughput. To address the issue of the adsorption of lipophilic substances onto 
the LOC platform, I investigated fluid interactions on each component of the LOC platform for 
zebrafish embryo biotesting and tested several options to alleviate this adsorption. Last, I explored 
the possibility of using avoidance behaviours as an alternative parameter for behavioural toxicity 
studies and early-warning biomonitoring applications. 
7.1. Achievements 
Chapter 3 outlined for the first time the development of an innovative microfluidic LOC platform 
for acute toxicity biotesting based on changes in the swimming behaviour of the small aquatic 
model organism A. franciscana. Compared with the conventional mortality endpoint, the LOC 
platform could achieve identical mortality results using several reference chemicals. Via the 
integration of LOC technology, mechatronic components, and behavioural analysis software, the 
LOC platform enabled highly automated, time-resolved video data analysis functionality. For most 
of the tested substances, the behavioural alterations were shown to be rapid and robust as dose- and 
time-dependent exposure syndromes. This work confirmed that behavioural biotesting performed 
on an automated LOC platform could provide much higher sensitivity than conventional protocols 
while also requiring less time and labour. Behavioural biotesting via LOC automation has potential 
as a novel rapid and cost-effective alternative to conventional aquatic toxicity testing protocols. 
Chapter 4 described the development of a proof-of-concept LOC platform for the automation and 
enhancement of acute ecotoxicity biotesting based on the immobilisation of the freshwater 
crustacean D. magna. This study for the first time demonstrated an LOC technology for caging 
free-swimming Daphnia neonates under constant microperfusion conditions with a miniaturised 
video acquisition system for the automated movement analysis of test specimens. As an 
intensification, this research entirely addresses the limitations of the LOC platform used for testing 
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Artemia sp. with much higher sensitivity and throughput. I propose that this proof-of-concept 
technology can accelerate the research and development of alternatives to conventional biotesting 
protocols. 
Chapter 5 focused on the limitations of the large surface area that an LOC platform could have. 
Evidence was provided to show that the large inner surface area of an LOC platform can be a 
significant impediment to performing toxicity tests using lipophilic chemicals. Lipophilic 
compounds were shown to have significant lower toxicity on an LOC platform, which could lead 
to significant bioanalytical biases. Moreover, to address the issue, several methods were assessed 
in terms of their ability to alleviate the adsorption of lipophilic chemicals onto the LOC platform. 
I, for the first time, reported that caution needs to be exercised when performing toxicity tests with 
lipophilic substances on LOC platforms and that such efforts as solution renewal and presaturation 
should be taken to maintain the concentration in the desired range. 
In Chapter 6, miniaturised LOC prototypes for behavioural studies of toxin avoidance were 
investigated. I, for the first time, reported the feasibility of using microfluidic laminar or counter 
flows to create fluidically isolated domains for testing the avoidance behaviour of small aquatic 
invertebrates. Although the test organisms did not exhibit any significant behavioural patterns in 
avoiding the toxic domains, this new methodology has great potential as a tool for feeding, predator 
avoidance, or phototaxis behavioural studies. 
7.2. Future works 
In my research, I used laser micromachining and thermal bonding to fabricate various LOC devices. 
This method is simple, inexpensive, and fast. However, the minimum size of such LOC devices is 
strongly limited by the resolution of the laser machine, which in my study was 0.1 mm. As a 
consequence, the devices were profoundly unsuitable for organisms smaller than this in size, e.g., 
rotifers or paramecia. Considering that the dimensions of LOC devices for smaller organisms could 
range between micrometres and millimetres, perhaps PDMS replica modelling technology would 
be more useful for fabricating such devices. 
The perfusion-based on-chip toxicity biotesting systems described in this thesis do not require 
maintenance during testing; however, loading test specimens into the LOC devices and preparing 
the tubing connections are time-consuming processes. Furthermore, additional sealing procedures 
are needed to prevent leaking. These issues are bottlenecks in increasing the throughput of such 
systems. Further studies should also be conducted to improve the interface of such LOC devices 
with the macro world. 
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This research initialised on-chip ecotoxicity biotesting using small aquatic organisms. To further 
validate this concept, additional reference chemicals should be tested using other types of model 
organisms. Moreover, it was shown in Chapter 5 that lipophilic chemicals can encounter a reduction 
in toxicity in LOC systems due to adsorption. However, in this study, the compounds tested had 
toxic concentrations at the mg/L level. There are other lipophilic substances, for example, many 
organic pesticides, which are fatal at levels as low as ng/L. Thus, it is necessary to perform biotests 
using such highly toxic chemicals to further understand adsorption in LOC systems. 
Behavioural reactions of test organisms exposed to toxins are complicated. The dose- and time- 
dependent behavioural responses to a toxin are not as simple as the mortality response. For the 
same organism, using different behavioural parameters could result in different toxicity curves and 
toxicity estimations. For the same toxin, different organisms may exhibit different behavioural 
patterns. Further studies should focus on building a behaviour database containing the results of 
standardised behavioural toxicity tests. 
On-chip behavioural toxicity testing has the potential to facilitate the development of the next 
generation of early-warning biomonitoring systems with real-time or near real-time monitoring 
functionality. With the sensitivity of behavioural responses, on-chip behavioural toxicity testing 
could replace mortality and immobilisation endpoints.  
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Appendix 
A.1 Evolution of LOC devices for behavioural biotests 
The first part of the Appendix focuses on the evolution of the LOC devices for A. franciscana 
behavioural toxicity testing, since the LOC devices for D. Magna was developed mainly based on 
the chips for A. franciscana and their major modifications were clearly described in Chapter 4. 
During the development of the chip devices suitable for the psychological and behavioural features 
of A. franciscana, 6 major prototypes have been constructed. These prototypes were all based on 
the same conception that test organisms should retain free swimming ability but within a restricted 
area. The free swimming ability indicates that test organisms should have ‘normal’ behaviours on 
the LOC devices which can be used as ‘controls’ to be compared with toxicant-effected behaviours. 
The restricted area means that the movement of the test organisms at most should be within the area 
that a microscope can capture. Herein, I describe the evolution of the 6 prototypes which each one 
was a systematically modification from the previous prototype. 
The initial prototype (Prototype 1) was primitive and coarse. It had a rectangular main chamber 
with size of 55 mm × 10 mm to hold Artemia nauplii and two fluidic delivery channels for flow-
through purpose (Figure A1). Each delivery channel had two ports at the end for tubing connection. 
To keep the nauplii inside the chamber during solution microperfusion, two 0.1 mm wide 
microchannels connected the main chamber with two 1.0 mm wide fluidic delivery channels. The 
size of the microchannels was determined based on the body size of the nauplii. The main chamber 
was also incorporated with two small round chamber which served for nauplii loading. 
Unfortunately, on fabricated chips, the width of the microchannels was even larger than 0.2 mm 
which the nauplii could easily swim through the microchannels and eventually escape to the tubing 
connected (Figure A1). Moreover, the air bubbles at the corners of the main chamber were difficult 
to remove. The heaps of laser cutting during device fabrication deformed the device. Not to mention 
the mass transfer of such a huge chamber with two tiny microchannels was poor in efficiency. 
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Figure A1 Prototype 1 of the LOC device for Artemia behavioural toxicity tests. (A) A 2D CAD drawing 
indicates the design of the Prototype 1. (B) A photomicrograph of the fabricated device filled with blue food 
dye. Bold arrows indicate the direction of flows. 
In order to overcome the drawbacks existed in Prototype 1, the designs were deeply modified and 
had Prototype 2 as the result. The new version of the chip device had the rectangular main chamber 
size of 25 mm × 10 mm with four corners rounded which was smaller than the previous prototype 
(Figure A2). As dimension of the main chamber decreased, the time needed for mass transfer also 
reduced. The delivery channel was shorter, smaller, and had only one tubing port which the whole 
device saved two tubing as well as reduced the time needed to setup the chip. The most important 
change in prototype 2 was the microchannel. In prototype 2, it was a channel 10 mm wide, 2 mm 
long, and 0.2 mm deep (shown as black in Figure A2). This design worked well from preventing 
the nauplii from swimming out of the main chamber. However, the central of the microchannel was 
bonded together during device thermal bonding process (indicated by the red arrow in Figure A2 
(B)). This was because PMMA inflated when heated to its glass transition temperature. Moreover, 
the mass transfer efficiency was still not satisfactory since there was no liquid flowed near the two 
ends of the main chamber. 
 
Figure A2 Prototype 2 of the LOC device for Artemia behavioural toxicity tests. The microchannel was 
fabricated using laser engraving. (A) A 2D CAD drawing indicates the design of the Prototype 2. Bold arrows 
indicate the flow direction. (B) A photomicrograph of the fabricated device filled with blue food dye.  
147 
 
Since a ‘big’ microchannel had bonding issue, in prototype 3 it was edited into an array of several 
smaller microchannels. The design of the main chamber was kept the same as it was in prototype 
2. On each side, the main chamber was connected to the fluidic delivery channels through two 
arrays of microchannels which each one was consisted by five small channels of 3.5 mm wide, 3.0 
mm long, and 0.2 mm deep (Figure A3). These small channels were not placed linearly that could 
also increase the mass transfer. Moreover, multiple microchannels decreased the blockage of the 
whole system by dead nauplii. However, both the CFD simulation and real-world validation 
showed that the mass transfer on the chip device was too slow. In other words, the main chamber 
was divided by the flows into several parts which had different concentrations. 
 
Figure A3 Prototype 3 of the LOC device for Artemia behavioural toxicity tests. The single microchannel 
design was modified to microchannel array. (A) A 2D CAD drawing indicates the design of the Prototype 3. 
Bold arrows indicate the flow direction. (B) A photomicrograph of the fabricated device filled with blue food 
dye. 
The designs of the chip device were modified significantly for prototype 4. The main chamber was 
reshaped from a rectangle to a circle of 10 mm in diameter (Figure A4). The reason for this change 
were as follows. Firstly, mass transfer at microscale is mainly based on diffusion, and diffusion 
speed relies on the distance molecules travelled. A smaller chamber requires less time for mass 
transfer. Secondly, four corners in a rectangular chamber are deadzones where almost no mass 
exchanges happen, while a round chamber has almost no deadzones. Thirdly, for the same 
microscope, the smaller device no doubt can have more manifolds been captured which results in 
a higher research throughput. Because of the round chamber, the microchannel arrays were adjusted 
accordingly to be positioned at the circumference of the chamber. Each microchannel was 1.0 mm 
wide, 1.5 mm long, but still 0.2 mm deep. For loading, the design was simplified as only one loading 
port was remained.  
148 
 
 
Figure A4 Prototype 4 of the LOC device for Artemia behavioural toxicity tests. The rectangular main 
chamber was replaced by a round chamber. (A) A 2D CAD drawing indicates the design of the Prototype 4. 
Bold arrows indicate the flow direction. (B) A photomicrograph of the fabricated device filled with blue food 
dye. 
Prototype 5 was an improvement of the previous prototype in the efficiency. In previous prototypes, 
each device had only one chamber for toxicity testing and required one pump for fluidic flow. This 
was low in throughput since multiple devices must have multiple pumps. Moreover, the connection 
of chip device with tubing and other auxiliaries were all manually, which made the experiment 
setup labour and time-consuming. For these reasons, prototype 5 was presented which two round 
chambers were linked parallelly. They shared the same fluidic delivery channels but had 
independent loading ports for specimens. By this way, a single pump can be used to actuate fluids 
for two chambers. Prototype 5 had difficulties in fabrication as the central part of the chip (the area 
between two chambers) can be easily damaged.  
 
Figure A5 Prototype 5 of the LOC device for Artemia behavioural toxicity tests. Two individual units were 
connected in parallel to increase throughput. (A) A 2D CAD drawing indicates the design of the Prototype 
5. (B) A photomicrograph of the fabricated device filled with blue food dye. 
Prototype 6 represents another method to increase the efficiency as well as the availability of pumps. 
Instead of using parallel configuration as shown in prototype 5, this design has all chambers 
connected in serial (Figure A6). 
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Figure A6 Prototype 6 of the LOC device for Artemia behavioural toxicity tests. Three individual units were 
connected in serial to increase throughput. (A) A 2D CAD drawing indicates the design of the Prototype 6. 
(B) A photomicrograph of the fabricated device filled with blue food dye. 
Above are the major prototypes I have designed for Artemia on-chip behavioural toxicity testing. 
There were also a few minor modifications which are effective. For example, microchannels can 
be ablated in different layers to create a fluid flow across vertical plane of the main chamber. Instead 
of laser ablating approximate 0.2 mm hollowed microchannels, 0.2 mm thick PMMA plate can be 
used to craft the microchannel with higher precision. The position and length of the fluidic delivery 
channels can be slightly different.  
A.2 Technical notes of instruments 
CO2 laser cutting system 
VLS 3.50, Universal Laser Systems 
http://www.ulsinc.com/products/vls350/ 
Work area: 610 mm × 305 mm 
Lenses: Standard and HPDFO 
Beam spot size: 100 µm (standard) and 40 µm (HPDFO) 
Laser power: 30 W 
 
Figure A7: Photograph of the VLS3.50 laser cutting system and the lenses. 
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Peristaltic pumps: 
Miniplus evolution peristaltic pump, Gilson Inc. 
http://www.gilson.com/en/Pipette/Products/63.46/Default.aspx#.WFeBXVV95hE 
Pump head: MF4 with 4 cartridges, for 4 tubing 
Tubing: PVC tubing with internal diameter of 1.30 mm 
 
Figure A8: The Miniplus evolution peristaltic pump equipped with the MF4 pump head. 
 
Customized peristaltic pump, the BioMEMS research group 
Pump motor: Dynamixel MX-64 servo motor 
Tubing: silicone tubing with internal diameter of 1.60 mm 
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Figure A9: The customized peristaltic pump designed and made by the BioMEMS research group using 
robotic servo motor, bearings, and 3D printed components. 
Water bath 
TW2, Julabo Labottechnik GmbH 
http://www.julabo.com/en/products/water-bath/tw2-water-bath 
Bath size: 150 mm × 130 mm × 110 mm 
Filling volume: 1-2 L 
Working temperature range: 20-99.9 ºC 
Temperature stability: ± 0.2 ºC 
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Figure A10: The TW2 water bath for the maintenance of chemical solution temperature. 
Digital heater 
Digital mTCII 2Ch micro-Temp controller with HS-105p heater, Cell MicroControls 
http://www.cellmc.com/TRefmtc2.htm 
Dimensions: 250 mm × 120 mm × 0.5 mm 
Resistance: 8.5 Ω 
Maximum operating temperature: 150 °C 
Temperature measurement: TH-10KMp thermistor probe 
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Figure A11: The HS-105p heater controlled by mTCII controller. 
Robotic servo actuators and controller 
Dynamixel AX-12A servo motor, Robotis 
http://support.robotis.com/en/product/actuator/dynamixel/ax_series/dxl_ax_actuator.htm 
Resolution: 1024 steps in 360º 
Voltage: 9-12 V 
Stall torque: 1.5 N·m (at 12.0 V, 1.5 A) 
No load speed: 59 rpm (at 12.0 V) 
Running temperature: -5-70 ºC 
 
Dynamixel MX-64 servo motor, Robotis 
http://support.robotis.com/en/product/actuator/dynamixel/mx_series/mx-64.htm 
Resolution: 4096 steps in 360º 
Voltage: 10-14.8 V 
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Stall torque: 6.0 N·m (at 12 V, 4.1 A) 
No load speed: 63 rpm (at 12.0 V) 
Running temperature: -5-80 ºC 
 
CM-530 microcontroller, Robotis 
http://support.robotis.com/en/product/controller/cm530.htm 
Working Voltage: 6-15 V 
External I/O maximum current: 300 mA 
Total maximum current: 10 A 
Working temperature -5-70 ºC 
 
Figure A12: Two types of robotic servo motors and CM-530 microcontroller. 
3D printer 
MakerBot Replicator 2, MakerBot Industries 
https://www.makerbot.com/replicator2 
Print technology: Fused filament fabrication 
Layer resolution: 100 µm 
Position precision: 11 µm in XY and 2.5 µm in Z 
Build volume: 285 mm × 153 mm × 155 mm. 
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Figure A13: The MakerBot Replicator 2 3D printer 
Standard stereomicroscope 
SMZ18 Research Stereo Microscope, Nikon Corp. 
https://www.nikoninstruments.com/Products/Stereomicroscopes-and-
Macroscopes/Stereomicroscopes/SMZ18 
Camera equipped: Qimaging Retiga 4000DC 
Objective lens: Nikon SHR Plan Apo 1× 
Zoom range: 0.75-13.5× 
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Figure A14: The NIKON SMZ18 stereomicroscope 
USB microscopes 
AD-7013MZT, AnMo Electronics Corp. 
http://www.dino-lite.com/products_detail.php?index_m1_id=9&index_m2_id=36&index_id=48 
Interface: USB 2.0 
Dimensions: 105 mm × 32 mm 
Resolution: 5 megapixels 
Magnification rate: 20×-50×, 200× 
Sensor: Colour CMOS 
Frame rate: Up to 30 fps 
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Figure A15: The Dino-lite AD-7013MZT USB microscope 
 
UI-3360CP-C-HQ, IDS Imaging Development Systems GmbH 
https://en.ids-imaging.com/store/ui-3360cp-rev-2.html 
Interface: USB 3.0 
Sensor: 2/3'' Colour CMOS 
Dimensions: 29 mm × 29 mm × 29 mm 
Resolution: 2.23 megapixels 
Frame rate: Up to 152 fps 
Lens equipped: Focal length 12.3 mm, F1.45-16 from Goyo optical Inc. 
 
UI-3370CP-C-HQ, IDS Imaging Development Systems GmbH 
https://en.ids-imaging.com/store/ui-3370cp-rev-2.html 
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Interface: USB 3.0 
Sensor: 1'' Colour CMOS 
Dimensions: 29 mm × 29 mm × 29 mm 
Resolution: 4.19 megapixels 
Frame rate: Up to 80 fps 
Lens equipped: Focal length 12.5 mm, F1.4-16 from Goyo optical Inc. 
 
Figure A16: The IDS USB3.0 microscopes 
LED based illumination stages 
BL-ZW1 Dino-Lite backlight pad, AnMo Electronics Corp 
http://www.dino-lite.com/products_detail.php?index_m1_id=4&index_m2_id=21&index_id=26 
Dimensions: 100 mm × 90 mm × 20 mm 
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Figure A17: The BL-ZW1 Dino-Lite backlight pad 
 
Customized backlight stage, the BioMEMS research group 
Dimensions: 240 mm × 210 mm 
 
Figure A18: The customized backlight stage designed and made by the BioMEMS research group 
 
 
